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GeneralGeneral introduction: Nod factor signalling in legumes 

Introductio n n 

Somee bacteria can fix nitrogen in an agronomically and ecologically important symbiotic 

relationshipp with plants. They are collectively referred to as Rhizobium bacteria or Rhizobia 

andd belong to different genera, including Azorhizobium, Bradyrhizobium, Mesorizobium, 

RhizobiumRhizobium and Sinorhizobium. Under nitrogen-limiting conditions, the legumes can form root 

noduless in which the Rhizobia are hosted intracellularly. There, the bacteria are supplied with 

sugarss and other nutrients under optimal conditions for reducing atmospheric nitrogen into 

ammoniumm compounds, which become available for the plant. A striking characteristic of this 

symbiosiss is its host-specific nature; a particular Rhizobium species can only nodulate a 

limitedd number of leguminous plant species. 

Duringg the establishment of a RhizobiumAegame symbiosis a precise molecular 

dialoguee between plant and bacterium takes place (Figure 1). The plant excretes flavonoids or 

otherr secondary metabolites that activate the bacterial transcription regulator NodD, which in 

turnn induces the transcription of other bacterial nodulation (nod) genes. These genes are 

involvedd in the synthesis and secretion of nodulation (Nod) factors, which play an essential 

rolee in the induction of early responses in the legume host. For example, they are required for 

genee activation, infection thread formation and mitotic activation of the cortical cells leading 

too nodule formation. The basic structure of Nod factors produced by different rhizobial 

speciess is very similar. Generally, they consist of a pM,4-linked AT-acetyl-D-glucosamine 

backbonee of 3 to 5 residues. All Nod factors contain an acyl chain on the non-reducing 

terminall  sugar residue that varies in length and degree of saturation depending on the 

RhizobiumRhizobium species. Major determinants of host specificity are the decorations on the 

backbonee which can be acetate, sulphate and fucosyl groups (Dénarié et al, 1996; Lerouge et 

al,al, 1990). 

Thee perception of Nod factors by the plant and the down-stream signalling cascades 

thatt are activated are major research topics in the Rhizobium-legume interaction. This review 

wil ll  focus on the early signal transduction events of Nod factor-induced responses leading to 

symbiosis. . 

Nodd factor  perception 

Thee low concentration at which Nod factors are still active (down to 10"12 M) and their 

structurall  specificity suggests that these molecules are perceived by high affinity receptors on 

thee root hair. The search for receptors has led to the identification of several Nod factor-

bindingg proteins (reviewed in Cullimore et al, 2001). The best evidence for the existence of a 

Nodd factor perception mechanism in legumes is the characterisation of two Nod factor 
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ChapterChapter 1 

bindingg sites (NFBS1 and NFBS2) that were identified by binding studies using radioactive 

Nodd factors and plant protein extracts (Bono et al, 1995; Niebel et al, 1997). However, these 

proteinss turned out not to be very specific since they also bound biologically inactive Nod 

factors.. Moreover, similar binding sites were found in tomato, a non-legume plant. These 

observationss make it unlikely that NFBS1 and NFBS2 are specific Nod factor receptors. 

I I 
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 N H H O _ a r -

 N H 
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nodnod genes O O 
Rhizobium Rhizobium 

Figuree 1. Signal exchange in the Rhizobium-\egume symbiosis. 

Flavonoidss induce the rhizobial nod genes leading to the production and secretion of Nod factors. Nod factors 

aree differently modified depending on the Rhizobium species. Possible substitutes are (other than hydrogen) Rl 

andd R2: carbamoyl, R3: acetyl or carbomoyl, R4: sulphate, acetyl, D-arabinose or fucose. Nod factors play an 

essentiall  role in the induction of all early nodulation responses in the legume plant (adapted from Schultze and 

Kondorosi,, 1998). 

Recently,, two genes were identified that encode a plant protein essential for 

symbiosis,, i.e. NORK ("nodulation receptor kinase") and SYMRK ("symbiosis receptor-like 

kinase")) (Endre et al, 2002; Stracke et al, 2002). They belong to a large family of plant and 

animall  genes that encode a particular class of receptor-like protein kinases. Characteristic of 

thiss class is their leucine-rich-repeat (LRR) region. In plants, such proteins also have an 
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GeneralGeneral introduction: Nod factor signalling in legumes 

intracellularr serine/threonine kinase domain that is essential for triggering signalling cascades 

insidee the cell (see Kirstner and Parniske, 2002). Remarkable is that several of these proteins 

aree so-called resistance (R) genes that are involved in the plant's defence against pathogenic 

microorganisms.. They interact with the gene products of pathogenic avirulence (Avr) genes, 

eitherr directly or indirectly via other proteins, causing the activation of an array of defence 

mechanismss in the plant (De Wit, 2002). Whether NORK and SYMRK code for the Nod factor 

receptorr in legumes remains obscure. If they interact directly with Nod factors, then 

differencess in amino acid sequence between legume species should reflect Nod factor 

specificity.. It is, however, more likely that these types of receptors are only indirectly 

involvedd in recognising microbial factors such as Nod factors and that primary recognition 

takess place by the secretion of an extracellular molecule. This concept has been demonstrated 

forr the interaction between Arabidopsis thaliana and its pathogen Pseudomonas syringae. 

Thee Avr proteins (AvrRpml and AvrB) do not directly interact with the R gene of the plant 

(RPM1),, but via the extracellular protein RIN4 (Mackey et al, 2002). In the Rhizobium-

legumee interaction lectins could be responsible for the primary recognition of the Nod factors 

(seee Spaink, 2002). Indeed, a lectin-nucleotide phosphohydrolase named LNP, specifically 

bindss Nod factors (Etzler et al, 1999). It is a member of the ATPase superfamily and is 

presentt at the surface of young root hairs. Specific antibodies raised against LNP blocked 

nodulation,, suggesting that the protein plays a role in the early steps of nodulation (Etzler et 

al,al, 1999; Day et al, 2000; Kalsi and Etzler, 2000). Since it is unlikely that LNP itself can 

functionn as a receptor, it could be that LNP specifically binds Nod factors and then activates 

thee NORK and SYMK receptors. 

Nodd factor-induced signal transduction 

Electrophysicall  and cell biological studies as well as pharmacological approaches have 

providedd insight into the signal transduction cascades that are activated in the root hairs of 

legumess by Nod factors. Within minutes of Nod factor addition, ion fluxes together with 

membranee depolarisation take place, followed by changes in cytoplasmic Ca2+ concentration. 

Novell  players in Nod factor-induced signal transduction are phospholipases and the second 

messengerss they produce. In addition, a role for G-proteins has been implicated. Major 

responsess of the host plant to Nod factor signals are root hair deformation, the development 

off  infection threads and cortical cell divisions, all accompanied by the induction of genes 

expressedd early in nodule development (early nodulin genes). However, it is not always clear 

whetherr the Nod factor-induced signal transduction cascades are actually involved in these 

responses.. Here, the recent work on signal transduction cascades will be addressed using root 

hairr deformation and early nodulin expression as an example. 
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Figuree 2. Nod factor-induced root hair deformation. 

(a)) V. sativa seedlings treated with 10"9 M Nod factor for 3h resulting in root hair deformation: swelling of the 

roott hair tips followed by resumed tip growth. 

(b)) Untreated root hairs. 

Roott hair deformation is a typical response of the host plant induced by Nod factors 

(Figuree 2). Root hair tips first swell and later resume growth, but in a different direction 

(Heidstraa et ai, 1994; De Ruijter et al, 1998). When Rhizobium bacteria are present, 

deformationss resembling a shepherd's crook are induced. During this curling process, the 

bacteriaa become entrapped in the pocket of the curl. Here, an infection site is created and an 

inward-growingg tube-like structure, the infection thread, is formed by which the bacteria 

enterr the plant. Concomitantly, cortical cells are mitotically activated giving rise to a nodule 

primordium.. The infection thread grows towards this nodule primordium. Subsequently, the 

bacteriaa are released into the cytoplasm of the primordial cells and become surrounded by a 

plant-derivedd membrane. Then, the nodule primordium develops into a mature nodule, while 

thee bacteria differentiate into their endosymbiotic form, the bacteroids (Brewin, 1991; 

Gualtierii  and Bisseling, 2000). During infection and nodule development a range of plant 

genes,, called nodulin genes, is activated (reviewed in Schultze and Kondorosi, 1998). Among 

thee earliest Nod factor-induced genes are RIP1 and ENOD12. Both are associated with the 

pre-infectionn stage and might function in the cell wall modifications observed upon infection. 

RIP1RIP1 and ENOD12 are expressed in nodule primordia as well as in root hairs. Many other 

geness have been identified that show specific induction, either in root hairs or in developing 

noduless (see Schultze and Kondorosi, 1998). 

Calcium m 

Amongg all the ions that are thought to participate in Nod factor-induced signal transduction, 

Caa + occupies a prime position. Recent investigations have shown various changes in the 

concentrationn of cytosolic Ca2+, either originating from intracellular stores or from the 

extracellularr medium. In addition, great temporal and spatial diversities in Ca2+ responses 

occur. . 
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GeneralGeneral introduction: Nod factor signalling in legumes 

Thee very earliest plant response towards Nod factors is a transient influx of Ca at the 

tipp of the root within minutes (Cardenas et al, 1999; Felle et al, 1998; 1999b). This influx is 

rapidlyy followed by CI*  and K+ effluxes which, together with the associated movement of H* 

ions,, seem to account for a fast and transient depolarisation of the plasma membrane 

(Ehrhardtt et al., 1992; Felle et al., 1995; 2000; Kurkdjian, 1995). Although plasma 

membranee depolarisation is specifically activated by biologically active Nod factors and only 

occurss in legumes, it is unknown whether the response is important for nodule formation. 

Thiss is illustrated by the fact that a non-nodulating mutant of alfalfa still exhibited membrane 

depolarizationn (Felle et al, 1995). Plasma membrane depolarisation is linked to an 

intracellularr alkalinisation (Felle et al, 1996; 1998). Again, it is unknown whether this 

responsee is essential for nodule formation, but it is striking that plant cells treated with 

elicitorss derived from pathogenic microorganisms exhibit the opposite response, an 

intracellularr acidification (Baier et al, 1999; Felix et al, 1993; 1999). 

Aboutt 9 minutes after Nod factor addition, cytosolic Ca2+ spiking is triggered in root 

hairs.. This response is characterised by cytosolic Ca2+ oscillations that originate from the 

perinuclearr region of root hair and propagate radially through the cell. It was first detected in 

alfalfaa (Ehrhardt et al, 1996), but to date it has also been found in other legumes like pea 

(Walkerr et al, 2000), Medicago truncatula (Wais et al, 2000; 2002) and Phaseolus bean 

(Cardenass et al, 1999). In alfalfa, Ca2+ spiking does not occur in a non-nodulating mutant nor 

iss it induced by Nod factors lacking a sulphate group that is essential for nodulation. In 

addition,, the non-legume tomato does not show the spiking response either, strongly 

suggestingg that Ca2+ spiking plays an important role in Nod factor signalling (Ehrhardt et al, 

1996). . 

Too assess the role of Ca2+ spiking in the nodulation response, mutants blocked at 

differentt stages of infection were analysed. The M. truncatula dmi ("doesn't make 

infections")) mutants are inhibited in the expression of early nodulin genes such as RIP1 and 

inn root hair deformation, but they do show a swelling at the tip of root hairs in response to 

Nodd factor (Catoira et al, 2000). The mutants dmil and dmi2 were both blocked in Ca2+ 

spikingg (Wais et al, 2000). The observation that these genes are required for Ca2+ spiking 

andd nodulation establishes a correlation between the two. In pea, this correlation has been 

suggestedd too, since the non-nodulating mutants sym8, symlO and syml9 are unable to 

undergoo root hair deformation and do not show Ca2+ spiking (Walker et al, 2000). In another 

approach,, Engstrom et al (2002) used different pharmacological agents to modulate Ca2+ 

spiking.. Several blockers were found, including the type-IIA Ca2+ ATPase inhibitor 

cyclopiazonicc acid and the phospholipase C inhibitor U73122. Such compounds can now be 

usedd to explore the function of Ca2+ spiking further. 

Recently,, Shaw and Long (2003) showed that the Ca2+ influx and the spiking are 

evokedd in the same cell, but by different Nod factor concentrations. To trigger the influx in 
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M.M. truncatula root hair cells, lower Nod factor concentrations were required than for the Ca 

spiking.. Although the dmil and dmil mutants are blocked in their Ca2+ spiking response, they 

stilll  exhibit the Ca + influx, indicating that these responses are independent of each other. 

Sincee the two mutants still revealed a swelling response at the root hair tip, a relationship 

betweenn swelling and the Ca2+ influx might exist. Increased levels of cytosolic Ca2+ after Nod 

factorr treatment have been detected in the swollen root tip as well as in the newly formed 

growingg tip (De Ruijter et al, 1998), but also in growing Arabidopsis root hairs and pollen 

tubes,, suggesting that high Ca2+ is a prerequisite for tip growth (Bibikova et al, 1997; Felle 

etet al, 1999a; Robinson and Messerli, 2002; Wymer et al, 1997). 

Pharmacologicall  studies have provided additional evidence for the involvement of 

Ca2++ in Nod factor signalling. Felle et al (1998) showed that the calcium ionophore A23187 

wass able to mimic the changes in ion fluxes and the membrane depolarisation that are 

normallyy elicited by Nod factors, while nifedipine, a calcium channel blocker, effectively 

inhibitedd these changes. In addition, Pingret et al (1998) showed that ruthenium red, which 

preventss Ca + release from internal stores, EGT A, a chelator of free calcium, and La +, a 

calciumm influx competitor, all inhibited Nod factor-induced expression of ENOD12. 

Itt is clear that Ca2+ has different roles in Nod factor signalling, which are expressed 

throughh spiking, rapid or slow changes in Ca2+ levels and may either be transient or 

persistent.. By determining the order of these Ca2+ changes and their localization, a better 

understandingg of the sequence of events that constitute the signal transduction cascade 

leadingg to nodule formation will occur. Cardenas and co-workers (2000) have presented an 

excellentt overview of the temporal and spatial behaviour of calcium. 

Phospholipasee C 

Phospholipasee C (PLC) catalyses the hydrolysis of the lipid phosphatidylinositol 4,5-

bisphosphatee (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Figure 

3).. IP3 diffuses into the cytosol where it can release Ca2+ from intracellular stores, while 

DAGG remains in the membrane to activate certain members of the PKC family (Munnik et 

al,al, 1998). In plants, IP3 has been shown to release intracellular Ca2+ (Alexandre et al, 1990), 

butt proof for DAG being a second messenger is lacking (Meijer and Munnik, 2003; Munnik 

etet al, 1998). Instead, DAG is rapidly phosphorylated to phosphatidic acid (PA) by DAG 

kinasee (DGK) and evidence is accumulating that PA is a plant second messenger (Munnik, 

2001).. As such, PLC signalling can be seen as generating the second messengers PA and IP3. 

Overr the last few years, PLC signalling has been associated with plant defence (Laxalt and 

Munnik,, 2002), osmotic stress (Munnik and Meijer, 2001), seed germination and stomatal 

openingg of guard cells (for review, see Meijer and Munnik, 2003). 
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GeneralGeneral introduction: Nod factor signalling in legumes 

neomycinn U73122 

Figuree 3. PLC signalling pathway. 

PLCC hydrolyses PIP2 into DAG and 1P3. The latter diffuses into the cytosol where it releases Ca2+ from 

intracellularr stores or is phosphorylated to IP6 DAG remains in the membrane where it is rapidly 

phosphorylatedd to PA by DAG kinase (DGK). Signalling is attenuated by phosphorylating PA into DGPP by PA 

kinasee (PAK). 

Thee first study that provided evidence for a role for PLC in Nod factor signalling was 

carriedd out by Pingret et al (1998). They showed that inhibitors of this enzyme, neomycin 

andd U73122, blocked ENOD12 expression in Medicago. Direct proof that PLC is involved 

wass obtained from in vivo 32P-labelling studies with Vicia sativa seedlings (Den Hartog et al, 

2001;; Chapter 2). Prior to Nod factor treatment, seedlings were labelled with [32P]-

orthophosphatee to label all phospholipids. Using a differential  32P-labelling technique (see 

Munnik,, 2001) and specific PLC inhibitors, PLC activity was shown to be triggered within 

minutes,, resulting in the formation of PA. Neomycin inhibited the PA formation, as well as 

roott hair deformation and ENOD12 expression (Den Hartog et al., 2001; Chapter 2, 3). A 

MedicagoMedicago sativa cell suspension has also been used to study Nod factor-induced phospholipid 

signallingg (Den Hartog et al, 2003; Chapter 4). Cell suspensions are more suitable to study 

thee finer details of phospholipid turnover since most cells are in direct contact with the 

medium,, favouring synchronous labelling and treatment. In M. sativa cells, changes in the 

levelss of PIP2 and PA were detected within two minutes, using Nod factor concentrations as 

lowasl01 2M . . 

PLCC has often been suggested to be part of the Nod factor signalling cascade since IP3 

hass been implicated in the release of Ca2+ from intracellular stores. However, so far direct 

evidencee is lacking. A true IP3-gated Ca2+ channel has still not been identified in plants and a 

homologuee of the mammalian gene is missing from the Arabidopsis genome. An alternative 

possibilityy is that plants phosphorylate IP3 to inositol hexakisphosphate (\?6). In yeast, IP6 

rapidlyy affects gene expression and mRNA transport and this requires PLC and 
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inositolpolyphosphatee kinase activity (York et ai, 2001). In guard cells of Solarium 

tuberosumtuberosum and Vicia faba, ABA treatment resulted in increased levels of IP6 while the 

inhibitoryy effect of ABA on the inward K+-channels was mimicked by IP6, effects that were 

earlierr thought to reflect IP3 production (Lemtiri-Chlieh et ai, 2000). 

n-ButOH H 

Figuree 4. PLD signalling pathway. 

PLDD forms PA by hydrolysing structural phospholipids such as PC. PLD activity can be specifically measured 

inin vivo by using its unique ability to transfer the phosphatidyl group of its substrate to a primary alcohol. Thus 

byy incubating root hairs with low concentrations of n-butanol (n-ButOH), PBut is formed at the expense of PA. 

Thee latter means that n-butanol can also be used to inhibit the formation of PA. Signalling is attenuated by 

phosphorylatingg PA into DGPP by PA kinase (PAK). 

Phospholipasee D 

PAA is not only generated through the PLC/DGK pathway, but also directly via phospholipase 

DD (PLD) which hydrolyses structural phospholipids such as phosphatidylcholine (Figure 4). 

Thee PA generated by PLD (PAPLD) can be distinguished from PAPLC/DGK by using PLD's 

uniquee ability to transphosphatidylate primary alcohols like «-butanol (Munnik et ah, 1995). 

Thiss results in the formation of phosphatidylbutanol (PBut), which accumulates during 

activation.. The presence of PBut provides a relative, rather than an absolute measure of PLD 

activity,, because «-butanol competes with water, the physiological substrate for 

phosphatidylation.. Since PBut is formed at the expense of PA, w-butanol can also be used to 

inhibitt the formation of PA via PLD. Secondary and tertiary butanols are good controls, since 

theyy can not function as transphosphatidylation substrates. 

Traditionally,, PLD activity was associated with phospholipid catabolism, but its rapid 

activationn and the immediate formation of PA are now recognised as early signal transduction 
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GeneralGeneral introduction: Nod factor signalling in legumes 

eventss (Munnik, 2001; Wang, 2000). In plants, PLD is involved in the response to pathogens, 

wounding,, water stress and the hormones ABA and ethylene (Meijer and Munnik, 2003). 

Furthermore,, its activity is correlated with senescence, germination and ripening (see Wang, 

2001). . 

Evidencee that PLD is involved in Nod factor signalling is two-fold. First, in alfalfa 

andd vetch, PLD is activated by Nod factor as shown by the accumulation of PBut (Den 

Hartogg et al, 2001; 2003; Chapter 2, 4) and second, root hair deformation and ENOD12 

expressionn are inhibited by «-butanol, but not by secondary or tertiary butanols (Den Hartog 

etet al, 2001; Kelly and Irving, 2003; Chapter 2, 3). PLD and PLC/DGK are activated 

simultaneously,, but what is remarkable is that PLD is specifically activated by Nod factors 

producedd by a symbiotic Rhizobium strain and not by a non-symbiotic strain or by pathogen-

derivedd elicitors which do trigger PAPLC/DGIC (Den Hartog et al, 2003; Chapter 4). Hence, 

PLDD activation seems to discriminate Nod factor signalling from defence signalling. Plants 

possesss multigene PLD families which have been categorised into five subgroups (a, p\ y, 5 

andd Q, based on their amino acid composition and biochemical properties (Elias et al, 2002; 

Wang,, 2001; Qin and Wang, 2002). An important task for the future is the identification of 

thee PLD that signals the presence of symbiotic Rhizobium species. 

Recently,, a tobacco microtubule-associated protein was identified as a membrane-

localisedd PLD (Gardiner et al, 2001). This suggested that PLD can hold microtubules to the 

plasmaa membrane and may function as a general membrane-microtubule linker (Munnik and 

Musgrave,, 2001). This model has recently been supported by the work of Dhonukshe et al 

(2003)) which shows that the microtubule cytoskeleton of tobacco cells is released from the 

plasmaa membrane upon treatment with a primary butanol, but not with secondary or tertiary 

butanol.. Other PLD activators (i.e. osmotic stress, xylanase) were also shown to induce 

microtubularr reorganisation, indicating that this could be a general PLD down-stream event. 

Too investigate whether PLD has a membrane-microtubule linker function in the 

establishmentt of the Rhizobiwn-legame symbiosis is exciting, since rearrangements of the 

cytoskeletonn have been reported after Nod factor application (Timmers et al, 1999). 

Phosphatidee acid 

PAA is emerging as the most important lipid second messengers in plants. It is formed within 

minutess in response to a wide array of stress conditions, including wounding, temperature 

stress,, drought, osmotic stress and in response to pathogens. The fact that both the PLC and 

PLDD pathways produce PA emphasises its potential importance as a signal molecule. In Nod 

factorr signalling, PA plays an important role too. It is rapidly synthesised and required for 

ENOD12ENOD12 expression and root hair deformation as shown by using inhibitors of PLC and PLD 
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(Denn Hartog et al, 2001; Kelly and Irving, 2003; Pingret et al, 1998; Chapter 2, 3). 

Additionall  evidence that PA is essential comes from studies using the lipid itself. The 

additionn of synthetic PA to V. sativa roots triggered ENOD12 expression, while lyso-PA (L-

PA)) elicited root hair deformation (Chapter 3). L-PA is a PA molecule lacking one of the 

fattyy acids which makes it more water-soluble. When added to roots, L-PA is rapidly 

convertedd into PA (Chapter 3). 

Howw PA exerts its effect is still unknown, although various possibilities have recently 

enteredd the literature. One idea is that the generation of PA creates docking sites in the 

membranee to which specific proteins can bind (see Laxalt and Munnik, 2002; Testerink and 

Munnik,, 2003). This membrane recruitment may for example lead to activation of the 

protein,, either directly by PA or indirectly via other membrane-docked proteins. 

Alternatively,, PA could affect membrane properties, promoting curvature and vesicle 

formationn (see Scales and Schneller, 1999). Several proteins that directly interact with PA 

havee been identified in animals, including the serine/threonine protein kinase Raf-1, a cAMP-

specificc phosphodiesterase and a protein phosphatase-1 (Baillie et al, 2002; Jones and 

Hannun,, 2002; Rizzo et al, 1999; 2000). The PA-binding regions of these proteins have been 

identifiedd by deletion studies, but unfortunately no apparent sequence conservation is present. 

Whenn one of these PA-binding regions was fused to green fluorescent protein (GFP), the 

formationn and localization of PA signals was visualised in animal cells (Rizzo et al, 2000). 

Hopefullyy in the future, this is also possible in plant cells. A few plant PA targets have also 

beenn identified, including a K+ channel and various protein kinases (Deak et al, 1999; 

Farmerr and Choi, 1999; Jacob et al, 1999; Lee et al, 2001). 

Ann important question is the specificity of die PA signal, since a variety of stresses 

triggerr its formation. Obviously, there will be tissue and developmental information that 

determiness the final response to environmental signals, i.e. the specific expression of 

receptorss as well as down-stream PA targets, together with the explicit activation of other 

signallingg pathways (cross-talk). Moreover, PA generated by different pathways should not 

bee regarded as one and the same signalling molecule. PAPLD originates from the structural 

lipidss and has a different fatty acid composition compared to PAPLC/DGK which has the fatty 

acidd composition of PIP2 (Arisz et al, 2000; 2003). Down-stream signalling events could 

discriminatee between those PAs as has been shown for mammalian cells (Pettitt et al, 1997). 

Furthermore,, PLC may be activated at a different location than PLD, e.g. plasma membrane 

andd golgi. As PA is triggered witiii n minutes by different stimuli, PA may represent a 

general,, multifunctional stress signal that is part of many signal transduction pathways. This 

resembles,, for example, the action of Ca2+, which is also translated into different responses 

(seee Allen and Schroeder, 2001; Sanders et al, 1999). 

Whilee it is important to form a signalling molecule upon stimulation, it is equally 

importantt to switch the signal off. Plants can attenuate PA levels in a unique way by 
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convertingg the molecule into diacylglycerol pyrophosphate (DGPP) (Figure 3 and 4). The 

enzymee responsible, PA kinase, has been characterised in vitro (Wissing and Behrbom, 

1993),, but the encoding gene is still unknown. DGPP was first discovered in vivo when plant 

celll  suspensions were artificially stimulated with the G-protein activator mastoparan (Munnik 

etet al, 1996). Later, it was shown to be generated within minutes when plant cells were 

exposedd to various abiotic and biotic stresses (see Meijer and Munnik, 2003). DGPP is also 

producedd in V. sativa seedlings and in alfalfa cell suspensions after Nod factor addition (Den 

Hartogg et al, 2001; 2003; Chapter 2, 4). Since DGPP is a metabolite of PA, it follows the 

kineticss of PA formation, meaning that DGPP formation is fast and occurs in response to 

stimulation.. Consequently, it is possible that DGPP is a signal in its own right. In 

macrophages,, DGPP has been shown to activate an inflammatory-like response (Balboa et 

al,al, 1999; Balsinde et al, 2000), but it should be emphasised that DGPP has not been found 

inn higher animals. Enzymes that down-regulate DGPP are also emerging. DGPP phosphatase 

activityy has been identified in Catharanthus roseus (Riedel et al, 1997), whereas four genes 

codingg for lipid phosphate phosphatases are present in the Arabidopsis genome (Pierrugues et 

al,al, 2001). 

G-proteins s 

InIn plants, heterotrimeric G-proteins are thought to be involved in several signal transduction 

pathways,, including stomatal control, phytohormones and plant defence (for reviews see 

Assmann,, 2002; Fujisawa et al, 2001). Heterotrimeric G-proteins consist of three subunits 

(a,, p and y) and associate with G-protein-coupled receptors. Upon receptor activation, the G-

proteinn is activated by inducing the exchange of GDP for GTP. This nucleotide exchange 

causess the heterotrimer to dissociate into a GTP-bound a-subunit and a Py-dimer, each of 

whichh are free to interact with downstream effector enzymes that produce intracellular second 

messengers.. In animal systems, all three G-protein subunits belong to large multi-gene 

families,, but in plants their number is limited. In Arabidopsis, one a-, one P- and two y-

subunitss have been identified (Ma et al, 1990; Mason and Botella, 2000; 2001; Weiss et al, 

1994).. Homologues of the Arabidopsis a- and P-subunit have been cloned from several 

monocotss and dicots, including tomato, soybean and rice (reviewed in Assmann, 2002). The 

ricerice G-protein a-subunit specifically binds GTPyS and has been confirmed to function as an 

a-subunitt (Iwasaki et al, 1997; Seo et al, 1997). Transgenic rice containing an antisense 

cDNAA for the a-subunit exhibited abnormal morphology, including dwarf traits and the 

settingg of small seeds, suggesting a role for G-proteins in the signal transduction involved in 

morphogenesiss (Fujisawa et al, 1999). 
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Evidencee that G-proteins play a role in Nod factor signalling has been obtained using 

specificc drugs such as mastoparan, a tetradecapeptide that was originally isolated from wasp 

venomm and is known to activate G-proteins by mimicking the intracellular domain of seven 

trans-membranee spanning receptors (Ross and Higashijima, 1994). Mastoparan has been 

shownn to cause a spatial and temporal activation of ENOD12 expression in the root epidermis 

off  M. truncatula (Pingret et al, 1998) and to induce root hair deformation in V. sativa and 

VignaVigna unguiculata (Den Hartog et al, 2001; Kelly and Irving, 2003; Chapter 2). Also other 

G-proteinn agonists like melittin and cholera toxin provoke root hair deformation, although 

somee of these compounds were not able to activate ENOD gene expression (Kelly and Irving, 

2003;; Pingret et al, 1998). Pertussis toxin can block the activation of certain G-proteins (see 

Millner,, 2001). This antagonist inhibits root hair deformation and ENOD 12 expression, 

inducedd by either Nod factor or mastoparan (Kelly and Irving, 2003; Pingret et al, 1998). 

Together,, these data imply a role for G-proteins in Nod factor signalling. The most obvious 

rolee for such a G-protein is the translation of receptor activation into the stimulation of 

effectorr enzymes like PLC and/or PLD (Den Hartog et al, 2001; Pingret et al, 1998; Chapter 

2),, although there is also data present that demonstrate Nod factor-induced PLC activation 

independentt of a G protein (Kelly and Irving, 2001). 

Smalll  G-proteins have been implicated in Nod factor signalling too (Kelly and Irving, 

2001).. In yeast and animal systems, these monomelic GTP-ases are important regulators 

involvedd in organisation of the cytoskeleton, vesicular trafficking, transcriptional activation 

andd cell growth control (Bischof etal, 1999; Hall, 1998). Numerous homologues of small G-

proteinss have been identified in plants (see Yang, 2002). In Arabidopsis, a small GTPase acts 

ass a positive regulatory switch in root hair development and in swelling and growth of the 

roott hair tip (Jones et al, 2002). A small G-protein has also been implicated in regulating tip-

localisedd Ca2+ influx in Arabidopsis pollen tubes (Li et al, 1999). Such events are also 

occurringg in root hairs in response to Nod factors. The opening of plasma membrane-located 

Caa + channels via small G-proteins could be the primary effect of Nod factor, resulting in the 

activationn of Ca2+-sensitive enzymes. Many signalling enzymes and proteins involved in 

vesicularr trafficking contain a Ca2+-dependent phospholipid-binding domain (CalB domain). 

Proteinss with such a domain interact with phospholipids in a Ca2+-dependent manner. Since 

plantt PLCs and PLDs contain CalB domains, Ca2+ could be a regulator of their activity. 

Whenn Ca2+ concentrations rise, this may be used to translocate PLC and PLD to the 

membranee where their substrate is present (Munnik et al, 1998; Meijer and Munnik, 2003). 
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Conclusions s 

Althoughh it is too early to integrate all different Nod factor responses since they have been 

obtainedd from different biological systems and might involve distinct signalling pathways, we 

wouldd still like to propose a model for Nod factor perception and early signal transduction 

(Figuree 5). The model is focussed on the epidermis cells but of course, Nod factors also affect 

otherr root tissues such as the cortex and the pericycle. However, it is not clear whether the 

perceptionn and transduction mechanisms in these tissues are identical to those occurring in 

thee epidermis. In our model, the Nod factor is perceived by one or several plasma membrane 

receptors,, either directly or indirectly via a secreted extracellular protein. The receptors 

wouldd then gate a Ca2+ channel via interaction with a G-protein, leading to an increase in 

cytosolicc Ca2+ with the subsequent translocation of PLC and PLD to membranes where their 

substratess are. Besides the indirect activation by Ca2+, PLC and PLD could also be activated 

directlyy via a G-protein. PAPLC/DGK seems to be important for both root hair deformation and 

ENODENOD gene expression, while IP3 could be involved in initiating and/or maintaining Ca2+ 

spiking.. IP3 could also be further phosphorylated to IP6 (Figure 3) which has recently been 

shownn to activate gene transcription and mRNA transport. PAPLD is also required for root hair 

deformationn and ENOD gene expression and should be seen independently of PA from the 

PLCC pathway, although we do not know what their individual contributions are. DGPP is 

subsequentlyy formed to attenuate the PA signal, but it may possibly be a signal itself. 

Figuree 5. Model showing the putative signalling pathways involved in the activation of root hair deformation 

andd ENOD gene expression. 

Seee text for details. 
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Itt is clear that much remains to be understood before one can fully appreciate the 

molecularr and cellular events involved in Nod factor signalling. Further biochemical and 

pharmacologicall  studies together with the analysis of different non-nodulating mutants and 

thee identification of other essential genes will constitute the next steps leading to a better 

understandingg of this intriguing matter. 
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NodNod factor activates PLCandPLD signalling 

Summary y 

Rhizobium-secretedRhizobium-secreted nodulation factors are lipochitooligosaccharides that trigger the initiation 

off  nodule formation on host legume roots. The first visible effect is root hair deformation, but 

thee perception and signalling mechanisms that lead to this response are still unclear. When 

wee treated Vicia sativa seedlings with mastoparan, root hairs deformed, suggesting that G-

proteinss are involved. To investigate whether mastoparan and Nod factor activate lipid 

signallingg pathways initiated by phospholipase C (PLC) and D (PLD), seedlings were 

radiolabelledd with [32P]-orthophosphate prior to treatment. Mastoparan stimulated increases 

inn phosphatidic acid (PA) and diacylglycerol pyrophosphate, indicative of PLD or PLC 

activityy in combination with diacylglycerol kinase (DGK) and PA kinase. Treatment with 

Nodd factor had similar effects, although less pronounced. The inactive mastoparan analogue 

Mass 17 had no effect. The increase in PA was partially caused by the activation of PLD that 

wass monitored by its in vivo transphosphatidylation activity. The application of primary 

butyl-alcohols,, inhibitors of PLD activity, blocked root hair deformation. Using different 

labellingg strategies, evidence was provided for the activation of DGK. Since the PLC 

antagonistt neomycin inhibited root hair deformation and the formation of PA, we propose 

thatt PLC activation produced diacylglycerol, which was subsequently converted to PA by 

DGK.. The roles of PLC and PLD in Nod factor signalling are discussed. 

Introductio n n 

RhizobiumRhizobium bacteria are able to invade the roots of leguminous hosts and trigger the formation 

off  a new organ, the root nodule. There they benefit from the proper environment for fixing 

atmosphericc nitrogen into ammonia, which promotes plant growth independent of soil 

nitrogen.. During early stages of the Rhizobium-tegume interaction, nodulation (Nod) factors 

aree produced by Rhizobium. They are lipo-chitooligosaccharide signals that are essential for 

initiatingg early plant responses during nodulation both in epidermal and inner root tissues 

(reviewedd in Albrecht et al, 1999; Long, 1996; Schultze and Kondorosi, 1998). The earliest 

visiblee response to Nod factors is a bulbous swelling of root hair tips followed by a new 

outgrowthh after 2-3 h, a process referred to as root hair deformation. Mechanisms by which 

roott hairs perceive Nod factor signals are relatively unknown. Nod factor-binding activity has 

beenn reported for Medicago cell extracts (Bono et al, 1995; Niebel et al, 1997), although its 

relationn to receptor binding is unclear. Nod factors are able to induce various responses in 

roott epidermal cells. The earliest is modulation of the cytosolic Ca2+ concentration, reported 

forr cowpea (Gehring et al, 1997), Medicago (Felle et al, 1998; 1999a; 1999b) and bean 

(Cardenass et al, 1999). Furthermore, Nod factors evoke a rapid transient membrane 
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depolarisationn (Ehrhardt et al, 1992; Felle et al, 1995; Kurkdjian, 1995) and an intracellular 

alkalinizationn (Felle et al, 1996). About 10 min after treatment, cytosolic calcium spiking 

startss (Ehrhardt et al., 1996). Although all these responses are specifically induced by Nod 

factor,, it is not clear whether they are part of the signal transduction pathways leading to 

nodulee development. 

Recently,, the G-protein activator mastoparan was used to study Nod factor perception 

inn Medicago roots (Pingret et al, 1998). This tetradecapeptide, originally found in wasp 

venom,, activates heterotrimeric G-proteins by mimicking the intracellular domain of 

membranee spanning receptors (Ross and Higashijima, 1994). In this way, effector enzymes 

down-streamm of G-proteins can be artificially activated. Pingret et al (1998) demonstrated 

thatt mastoparan was able to mimic Nod factor activity by triggering ENOD12 transcription 

andd that phospholipase C (PLC) inhibitors like neomycin blocked this transcription, implying 

thatt PLC and G-proteins play a role in Nod factor perception. 

PLCC hydrolyses the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositoll  1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 is able to release Ca2+ from 

internall  stores, increasing the activity of a range of effector enzymes such as Ca2+-dependent 

proteinn kinases. DAG could also be an important signalling molecule, but there is no 

evidencee for this in plants (discussed in Munnik et al, 1998a). It is rapidly phosphorylated by 

DAGG kinase (DGK) to phosphatidic acid (PA; Munnik et al, 1998b), which itself is a 

potentiall  signal molecule, for it is rapidly produced in stimulated plant systems (Frank et al, 

2000;; Munnik et al, 1998a; 1998b; 2000; Pappan and Wang, 1999; Van der Luit et al, 

2000).. Furthermore, PA is biologically active in the green alga Chlamydomonas (Munnik et 

al,al, 1995), in barley aleurone cells (Ritchie and Gilroy, 1998) and in bean leaf guard cells 

(Jacobb et al, 1999). 

Whilee PA is a secondary product of PLC activity, it is the primary product of 

phospholipasee D (PLD) signalling. PLD hydrolyses structural lipids such as 

phosphatidylcholinee (PC) to produce PA. The activation of PLD was detected in several plant 

systemss during both abiotic and biotic stress (reviewed in Chapman, 1998; Munnik et al, 

1998a;; Wang, 1999). PLD activity can be easily measured in vivo by its unique ability to 

transferr the phosphatidyl group of its substrate to a primary alcohol such as butanol, forming 

phosphatidylbutanoll  (PBut; De Vrije and Munnik, 1997; Munnik et al, 1995). Since PBut is 

ann inactive lipid formed at the expense of PA, butanol treatment can inhibit PA signalling 

(Bonserr et al, 1989; Gilbert et al, 1998; Jacob et al, 1999; Ritchie and Gilroy, 1998). The 

factt that both PLC and PLD produce PA emphasises its potential importance as a signal 

moleculee in plants. Its role in animal cell signalling is already being established and several 

molecularr targets have been identified, including Raf-1 kinase (Ghosh et al, 1996; Ghosh 

andd Bell, 1997; Rizzo et al, 1999), protein kinase C £, (Limatola et al, 1994) and novel 
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kinasess (reviewed in McPhail et al, 1999). In plants, a CDPK from carrot has recently been 

shownn to be activated by PA (Farmer and Choi, 1999). 

Iff  PA is a signal molecule in plant cells, there should be an attenuation mechanism to 

returnn PA to pre-stimulation levels. Indeed, plants convert PA formed during signalling into 

diacylglyceroll  pyrophosphate (DGPP) via PA kinase (Munnik et al, 1996). This novel lipid 

iss hardly detectable in non-stimulated cells, but increases in concentration during PLC and 

PLDD signalling (Munnik et al, 1998b; 2000; Van der Luit et al, 2000). Since PA kinase is 

presentt in a wide range of plants (Munnik et al, 1996; 1998a; Wissing and Behrbohm, 1993), 

DGPPP formation has the potential to be a common PA-attenuation mechanism. However, 

sincee DGPP synthesis is strongly coupled to signalling, it could itself be a plant lipid signal 

(Munnikk etal, 1996; 1998b). 

Inn this report we describe how mastoparan induces root hair deformation in Vicia 

sativasativa seedlings and how mastoparan and Nod factor activate PLD, PLC, DGK and PA 

kinase.. We also show that inhibitors of PLC and PLD signalling inhibit root hair deformation. 

Thee data indicate that these pathways are essential components of Nod factor signalling. 

Results s 

MastoparanMastoparan elicits root hair deformation 

Whenn Rhizobium bacteria colonise legume roots, they attach to the hair tips which men 

deformm and curl, enclosing the bacteria in the curls from where they invade the root cortex. 

Roott hair deformation is a specific response for Nod factors from compatible Rhizobium 

bacteria.. On treating V. sativa with Nod factor from Rhizobium leguminosarum bv. viciae, 

roott hair tips first swell but later resume tip growth. This effect can be seen in 80-90% of the 

hairss (Figure lc) within a small susceptible root zone (  2 mm), zone II (Figure la), that 

containss hairs that are almost mature. The change in morphology can be detected after about 

33 h. Hairs in zone I and III do not deform when treated with Nod factor (Heidstra et al, 

1994). . 

Pingrett et al (1998) have shown that another Nod factor-induced response, the 

expressionn of ENOD12, could be induced in Medicago roots by treating them with the 

mastoparann analogue Mas7. We therefore tested whether Mas7 could induce root hair 

deformationn in V. sativa. Treatment with Mas7 resulted in the deformation of 30-40% of the 

hairss in zone II (Figure Id). The morphological effect was equivalent to that of Nod factor 

(Figuree lc). The relatively inactive analogue of mastoparan, Mas 17, had no effect (Figure 

le).. Remarkably, Mas7 also caused root hair deformation in zone I (Figure If). More than 

60%% of these hairs responded. The latter deformations were clearly different from those in 
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zonee II, because they did not swell and because the outgrowth was sub-apical. Mas 17 did not 

evokee a response in zone I (data not shown). Mastoparan itself and the active analogue Mas8 

inducedd root hair deformation in zone I and II, equivalent to the effects of Mas7 (data not 

shown),, although mastoparan was slightly less effective. In conclusion, active mastoparan 

analoguess are able to activate a signal transduction pathway that leads to root hair 

deformation. . 

Figuree 1. Mastoparan induces root hair deformation. 

(a)) Cartoon of root with hairs in three successive stages of development. Zone I contains newly formed growing 

roott hairs. In zone II they are almost mature and respond to Nod factor. In zone III mature root hairs no longer 

respond,, (b) Untreated root hairs, (c) Zone II root hairs treated for 3 h with 10~9 M Nod factor, (d) Zone II hairs 

treatedd with 1 nM Mas7 for 4 h. (e) Zone II hairs treated with 1 uM Mas 17 for 4 h. (f) Zone I hairs treated with 

11 uM Mas7 for 4 h. 

LabellingLabelling kinetics ofV. sativa phospholipids 

Sincee mastoparan analogues partially mimic the effects of Nod factor in V. sativa, both types 

off  compound could be activating the same signal transduction pathways. In the literature (see 

revieww Munnik et al, 1998a), mastoparan has been reported to activate phospholipase A2 

(PLA2),, PLC and PLD. We therefore investigated whether these pathways are activated by 

mastoparann and Nod factor in intact roots. 

Too study phospholipid signalling, the lipids must first be radiolabelled with 32P so that 

onn treatment, quantitative changes can be accurately measured. Until now such labelling 
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studiess have been performed with cell suspensions or with tissue discs to promote 

synchronouss labelling of all cells. However, in this study it was important to use intact plants 

too maintain the vitality of the fragile root hairs and so evoke a 'natural' response. 

Consequently,, it was first necessary to investigate whether consistent labelling patterns could 

bee achieved in the roots of intact seedlings, so that any treatment-induced changes could be 

confidentlyy claimed to be significant. Figure 2 illustrates a typical time-course of P-

incorporationn into the phospholipids. Each point represents the labelled phospholipid content 

off  one root. Incorporation of  32P into the total lipid extract increased during the 6 h of 

incubation,, due to the labelling kinetics of the structural lipids phosphatidylinositol (PI), PC, 

phosphatidylethanolaminee (PE), and phosphatidylglycerol (PG). During the first 60 min, 

hardlyy any structural lipids were labelled, while the signalling lipids phosphatidylinositol 

phosphatee (PIP), PIP2 and PA were relatively well labelled. The fact that we consistently 

foundd these labelling kinetics demonstrates that individual seedlings take up and incorporate 
32PP into their lipids in a relatively synchronous manner. We therefore concluded that it should 

bee possible to detect treatment-induced changes in signalling lipid metabolism in whole V. 

salivasaliva roots. 
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Figuree 2.32Princorporation into V. sativa root phospholipids. 

Seedlingss were labelled with 32P< for up to 6 h. Labelling was stopped at the times indicated. Lipids were 

extractedd from the excised root, separated by alkaline TLC and detected by autoradiography. Each time point 

representss the phospholipid content of one root. 
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Figuree 3. Mastoparan stimulates the formation of PA and DGPP in V. saliva roots in a dose- and time-

dependentt manner. 

(a)) Autoradiograph of a TLC plate after separation of the phospholipids from the roots of Mas7-treated 

seedlings.. Seedlings were pre-labelled with 32P, for 20 h and the roots stimulated for 5 min with different 

concentrationss of Mas7. Treatment was stopped and the root lipids were extracted and separated by alkaline 

TLC.. Results are representative of 5 independent experiments. 

(b)) Autoradiograph from a longer exposure of the TLC shown in (a), demonstrating an increase in DGPP. 

(c)) Quantification of PA and DGPP levels after Mas7 and Masl7 treatment. Seedlings were pre-labelled with 
32Pii  for 20 h and the roots treated with 2 uM Mas7 (filled circles) or 2 uM Mas 17 (open circles). Treatment was 

stoppedd and the root lipids were extracted and separated by alkaline TLC. The levels of PA and DGPP were 

quantifiedd by phosphoimaging and represented as % radioactivity of that in total lipid fraction. Results are 

representativee of 5 independent experiments. 
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MastoparanMastoparan triggers lipid signalling 

Inn order to investigate whether mastoparan induced lipid signalling in V. sativa roots, 

seedlingss were labelled for 20 h with [32P]-orthophosphate (32P;) and then stimulated with 

differentt concentrations of Mas7 for 5 min. As shown in Figure 3 (a,b), this increased both 

PAA and DGPP formation. When radioactivity per lipid was quantified and expressed as a 

percentagee of that in the total lipid fraction, we could conclude from 5 independent 

experimentss that Mas7 increased the level of PA up to 6-fold and of DGPP up to 4-fold. In 

contrast,, no consistent changes in other phospholipids were detected, neither in lyso-

phospholipids,, the products of PLA2 activity, nor in the polyphosphoinositides (PPIs), the 

substratee for PLC. 

Thee formation of PA and DGPP was not only dose-, but also time-dependent (Figure 

33 c). Using 2 uM Mas7, an increase in DGPP and PA was detectable within 2 min and 

reachedd a maximum after 5-10 min. In contrast, Mas 17 was relatively inactive. In addition to 

Mas77 and Mas 17, mastoparan and Mas8 were also tested (data not shown). These G-protein 

activatorss also induced the formation of PA and DGPP (maximum PA stimulation of 5- and 

6-fold,, respectively and maximum DGPP stimulation of 3- and 4-fold, respectively). In these 

time-coursee studies, again no evidence for lyso-phospholipid production or changes in PPI 

metabolismm was detected within a 20-min treatment. 

MastoparanMastoparan stimulates PLD activity 

Thee rapid increase in PA could be due to DGK, to PLD or both activities. To test whether 

PLDD was involved, its in vivo transphosphatidylation activity in the presence of a primary 

alcoholl  was measured. Seedlings were incubated with 32P; for 20 h and subsequently treated 

withh Mas7 in the presence of 0.75% w-butanol. As shown in Figure 4, the formation of PBut 

wass stimulated in a time- and dose-dependent manner. Mas 17 did not elicit PBut or PA 

formationn (Figure 4b). These results show that mastoparan activates PLD in V. sativa roots. 

DifferentiatingDifferentiating between PLD- and DGK-generated PA 

Iff  Figures 4 (a,c) are compared with Figures 4 (b,d), respectively, it appears that PLD activity 

(PButt formation) does not parallel PA formation, suggesting that PLD is not the only 

contributorr to PA formation. We therefore considered whether DGK was also activated. One 

cann discriminate between PAPLD and PADGK based on the different labelling kinetics of their 

substratess (for details see Munnik et al., 1998b). Since PLD hydrolyses a structural lipid, 

PAPLDD is only radioactive when its substrate is radioactive, which is not within the first 60 

minn of labelling (see Figure 2). On the other hand, PADGK becomes radioactive as soon as 32P, 
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iss taken-up and incorporated into ATP, the phosphate donor for DGK. Thus, if mastoparan 

stimulatess [32P]-PA production in seedlings labelled for only 1 h, it must be due to DGK 

activity. . 
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Figuree 4. Mastoparan induces PLD activity. 

(a)) Formation of PBut is dose-dependent. Seedlings were pre-labelled with 32Pj for 20 h and the roots treated 

withh different concentrations of Mas7 for 5 min in the presence of 0.75% n-butanol. The stimulation was 

stoppedd and lipids were extracted from the roots, separated by ethyl acetate TLC and detected by 

autoradiography.. Only relevant parts of the TLC are shown. Results are representative of 5 independent 

experiments. . 

(b)) Formation of PA is dose-dependent. Seedlings were labelled, treated and their lipids analysed as described in 

(a).. Only relevant parts of the TLC are shown. Results are representative of 5 independent experiments. 

(c)) Quantification of PBut levels showing a time-dependent increase after Mas7 treatment. Seedlings were pre-

labelledd with 32P; for 20 h and the roots treated with 2 (iM Mas7 (filled circles) or 2 uM Mas 17 (open circles) in 

thee presence of 0.75% n-butanol. Treatment was stopped and lipids were extracted from the root and separated 

byy ethyl acetate TLC. The level of PBut was quantified using phosphoimaging and represented as -fold 

stimulationn compared with the control. Results are representative of 5 independent experiments. 

(d)) Quantification of PA levels showing a time-dependent increase after Mas7 treatment. Seedlings were 

labelled,, treated and the root lipids analysed as described in (c). The level of PA is represented as -fold 

stimulationn compared with the control. Filled circles: Mas7 treatment, open circles: Mas 17 treatment. Results 

aree representative of 5 independent experiments. 
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Inn order to discriminate between DGK and PLD activities, seedlings were labelled 

withh j2Pj for different periods of time and then treated with or without mastoparan for 15 min. 

So,, in every mastoparan-treated root the same PA response is evoked, but the amount of 

radioactivee PA formed depended on the pre-labelling period. In practice, after 15 min pre-

labelling,, mastoparan evoked a 2- to 3-fold increase in [32P]-PA (Figure 5), indicating that 

DGKK activity increased. When «-butanol was included in the incubations, no [ P]-PBut was 

formedd (data not shown), confirming that the [32P]-PA increase was not reflecting PLD's 

activity,, simply because PLD's substrate was not radioactive yet. When the seedlings were 

labelledd for much longer periods than 1 h and treated with mastoparan in the presence of n-

butanol,, [j2P]-PBut was synthesised and therefore the [32P]-PA formed was a mixture of 

PADGKK and PAPLD-
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Figuree 5. Mastoparan stimulates PA formation in V. sativa roots before PLD substrates are labelled. 

Seedlingss were labelled with 32P< for different periods of time and subsequently treated with 8 uM mastoparan 

(whitee bars) or medium (control, black bars) for 15 min. Treatments were stopped, root lipids extracted and 

separatedd by ethyl acetate TLC. Phosphoimaging was used to quantify radioactivity. The amount of [32P]-PA is 

expressedd as a percentage of the total radioactivity in the total lipid fraction. Results are representative of 3 

independentt experiments. 

NodNod factor induces the formation of PA and DGPP 

Mastoparann activates Nod factor-like responses such as root hair deformation (this 

manuscript)) and the expression of ENOD12 (Pingret et ah, 1998). This means that the 

concomitantt stimulation of PLD and DGK activity could be involved in Nod factor 

signalling.. Alternatively, they could simply reflect the indiscriminate activation of all G-

protein-controlledd pathways. We therefore tested whether Nod factor itself activated lipid 

aa mastoparan 
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signalling.. Accordingly, seedlings were labelled for 20 h and the roots then treated with Nod 

factorr for different periods of time in the presence of n-butanol. As shown in Figure 6 (a), this 

resultedd in an increase in PA within 15 min. The level of PBut also increased (Figure 6b), 

indicatingg that Nod factor triggered PLD activity. The maximum stimulation of PLD was 2-

fold,, as calculated from 3 independent experiments. To test whether DGK was also 

responsiblee for the PA response, seedlings were labelled for just 60 min and then treated with 

Nodd factor. As shown in Figure 6 (c), the formation of PA was induced 10 min after the 

additionn of Nod factor. After 30 min, die stimulation reached a maximum (2-fold). The 

formationn of DGPP was also clearly induced (Figure 6d). In conclusion, Nod factor induces 

increasess in the levels of PA, which are due to bom PLD and DGK activities. It also increases 

thee phosphorylation of PA by PA kinase. 

EffectEffect of PLC-antagonists neomycin and U73122 

Wee did not find a change in the metabolism of PPIs that would indicate PLC activity, even 

thoughh the increase in DGK activity could be due to increased DAG from the hydrolysis of 

PIP2.. Earlier, Pingret et al. (1998) showed that neomycin inhibited Nod factor-induced 

ENOD12ENOD12 expression in Medicago. Since neomycin is thought to inhibit PLC signalling by 

chelatingg PIP2, its effect on root hair deformation and lipid signalling were investigated in V. 

sativasativa seedlings. 

Ass shown in Figure 7 (a), Nod factor-induced root hair deformation was inhibited by 

neomycinn sulphate in a dose-dependent manner. At all concentrations, the root hairs looked 

normall  and exhibited constant cytoplasmic streaming (not shown). To test whether neomycin 

wass also able to inhibit the Nod factor- and mastoparan-induced PA formation, seedlings 

weree radiolabelled for 1 hour, pre-incubated with 200 uM neomycin sulphate for 60 min and 

thenn treated with Nod factor, Mas7 or growth medium as control. As shown in Figure 7 (b), 

neomycinn inhibited both Nod factor- and Mas7-induced formation of PA, implying that both 

mastoparann and Nod factor do activate PLC. 

Pingrett et al (1998) also used the PLC inhibitor U73122 to block ENOD12 

expression.. It has also been used in guard cells to argue that abscisic acid-induced Ca + 

oscillationss result from PLC activity (Staxén et al, 1999). Although this aminosteroid has 

beenn used in many studies, data showing that it is a selective inhibitor are seldom provided. 

Inn V. sativa it inhibited root hair deformation (1-10 uM), but the hairs were most likely 

unablee to deform because cytoplasmic streaming stopped immediately after addition, 

indicatingg that the root hairs had died. Therefore we were unable to demonstrate that U73122 

inhibitss Nod factor- and mastoparan-induced PA formation. 

44 4 



NodNod factor activates PLC andPLD signalling 

(a) ) 

0_ _ 

200 40 
timee (min) 

(b) ) 
É.OO -

2.00 -

1.55 -

1.00 s 

0.55 . 

00 0 

"PA A 

f f 0 0 

HH r- 1 1 
60 0 

0.25 5 

200 40 
timee (min) 

(C) ) 
2.55 T-, 

2.00 --
c c 
g g 
'*n'*n  1.5 .. 

17) ) 

££ 0.5 

0.0 0 

PA A 

II  1-0 ^ 

200 40 
timee (min) 

200 40 
timee (min) 

Figuree 6. Nod factor activates PLD, DGK and PA kinase in V. sativa roots. 

(a)) Time-course of Nod factor-stimulated PA formation. Seedlings were labelled with 32Pj for 20 h and the roots 

treatedd with 10"9 M Nod factor (filled circles) or medium (control, open circles) in the presence of 0.75% n-

butanoll  for the times indicated. Treatment was stopped and the root lipids extracted and separated by ethyl 

acetatee TLC. The level of PA was quantified by phosphoimaging and represented as % radioactivity of that in 

thee total lipid fraction. Results are representative of 3 independent experiments. 

b)) Time-course of Nod factor-stimulated PBut formation. Seedlings were labelled, treated and their lipids 

analysedd as described in (a). The level of PBut is expressed as the % radioactivity of that in the total lipid 

fraction.. Filled circles: Nod factor treatment, open circles: control treatment. A typical result from 3 independent 

experimentss is shown. 

(c)) Time-course of Nod factor-induced PA formation after a 1 h labelling period. Radioactive seedlings were 

treatedd with 10'9 M Nod factor for the times indicated before extracting the root lipids and separating them by 

alkalinee TLC. Phosphoimaging was used to quantify the radioactivity. The amount of [32P]-PA is expressed as -

foldd stimulation compared with the control. A typical result from 6 independent experiments is shown. 

(d)) Time-course of Nod factor-induced DGPP formation after a 1 h labelling period. Seedlings were treated and 

lipidss analysed as described in (c). The amount of [32P]-DGPP is expressed as -fold stimulation compared with 

thee control. Results are representative of 6 independent experiments. 
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Figuree 7. Neomycin inhibits mastoparan- and Nod factor-induced responses in V. sativa roots. 

(a)) Neomycin inhibits root hair deformation. Deformation was induced in zone II by 10"9 M Nod factor in the 

presencee of different concentrations of neomycin sulphate and assessed after 3 h treatment. The error bars 

indicatee standard deviations. RHD = root hair deformation. 

(b)) Neomycin inhibits mastoparan- and Nod factor-induced PA formation. Seedlings were labelled with 32P; for 

11 h and at the same time treated with 200 uM neomycin sulphate (white bars) or medium (black bars). Roots 

weree then treated for 15 min with medium (control), 6 uM Mas7 or 10~9 M Nod factor. Root lipids were 

extractedd and separated by alkaline TLC. Phosphoimaging was used to quantify the radioactivity. PA levels are 

expressedd as -fold stimulation compared with the untreated control. The error bars indicate standard deviations. 

PrimaryPrimary alcohols inhibit root hair deformation 

Primaryy alcohols can inhibit the production of PA by PLD by competing with water for the 

phosphatidyll  group (Bonser et ai, 1989; Gilbert et al, 1998; Jacob et al, 1999; Munnik et 

ai,ai, 1995; Ritchie and Gilroy, 1998). Secondary and tertiary alcohols can not inhibit PLD 

activity,, because they are not transphosphatidylation substrates (Munnik et al, 1995). In 

orderr to investigate whether PLD-generated PA is important for root hair deformation, we 

testedd the effects of different butyl-alcohols on this Nod factor-induced response. As shown 

inn Figure 8, both primary alcohols, added together with Nod factor, inhibited root hair 

deformation,, whereas the secondary and tertiary butyl-alcohols did not. These results 

implicatee PLD in Nod factor signalling. 
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Figuree 8. Primary butyl-alcohols inhibit root hair deformation in V. sativa. 

Roott hair deformation was induced by adding 10"9 M Nod factor in the presence or absence of butanol isomers 

(0.55 %). After 3 h, root hair deformation in zone II was scored. The error bars indicate standard deviations. RHD 

== root hair deformation. 

Discussion n 

Inn this study, two agonists were used to activate root hair deformation in V. sativa, Nod factor 

andd mastoparan. While Nod factor is the natural elicitor, mastoparan is a tetradecapeptide that 

mimicss the intracellular a-helix loops of serpentine receptors that activate trimeric G-proteins 

(Laww and Northrop, 1994; Ross and Higashijima, 1994). Activation involves the a-subunit 

exchangingg its GDP for GTP, dissociating from the Py-subunits and stimulating an effector 

enzymee to produce second messengers in the cytosol. Mastoparan was previously shown to 

inducee the expression of the early nodulin gene ENOD12 in Medicago root cells (Pingret et 

ai,ai, 1998) and now we have shown that it induces root hair deformation in zone II hairs, just 

likee Nod factor itself. Since Masl7, an inactive analogue of mastoparan (Higashijima et ah, 

1990),, did not activate root hair deformation whereas active analogues (Mas7 and Mas8) did, 

thesee results imply that Nod factor is perceived by a G-protein-coupled serpentine receptor. 

Inn plants G-proteins have not yet been isolated. Nonetheless, a few a- and P-subunit genes 

havee been cloned from different plant species, indicating that such pathways exist (reviewed 

inn Millner and Causier, 1996). The efficacy of mastoparan lies in the fact that it short cuts 

receptorss and directly activates G-proteins. Herein is also its weakness because it can activate 

G-proteinss other than those involved in Nod factor signalling. Nevertheless, root hair 

deformationn and ENOD12 expression are specific to Nod factor signalling and therefore 

mastoparann must activate one of the Nod factor signalling pathways irrespective of any others 

itt may also activate. That it activated root hair deformation in young hairs (zone I), which do 

nott deform upon Nod factor treatment, may be because the Nod factor receptor is absent, 

whilee the signalling pathway and most of the machinery for deformation is already present. 
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However,, studies with Nod factor-inducible ENOD genes in Medicago have shown that zone 

II  root hairs are the most responsive to Nod factor (Journet et al, 1994; Pingret et al, 1998), 

indicatingg that a receptor is present in young hairs. Therefore, it is most likely that there is a 

differentt cellular response in the two types of root hairs, since the type of deformation elicited 

byy mastoparan on zone I and zone II hairs is quite different. 

Bothh mastoparan and Nod factor triggered increases in PA within a few minutes of 

treatment.. In general, mastoparan had a stronger effect but this could reflect the number of 

cellss that responded, especially if most root cells contain G-protein-activated PLCs and 

PLDs.. The increases in PA were correlated with increases in DGPP, indicating that we were 

dealingg with a signalling response, because DGPP is not usually detected under non-

stimulatingg conditions. An alternative possibility, that the PA increases reflected an increase 

inn phospholipid synthesis, is untenable, because there was no increase in its precursor (lyso-

PA)) or in the biosynthetic products, the structural lipids. The conversion of PA to DGPP is 

seenn as an attenuation mechanism to reduce PA to pre-stimulation levels, although DGPP 

couldd function as a signalling molecule itself (Munnik et al, 1996). It is obvious that the 

formationn of DGPP during Mas7 stimulation is less than the formation of PA, indicating that 

nott all PA formed is converted into DGPP by PA kinase. This suggests that other routes are 

involvedd in attenuation of the PA level, for instance, PA phosphatases can convert PA into 

DAGG (reviewed in Carman, 1997). In a similar manner, DGPP could rapidly be metabolised 

too PA by DGPP phosphatases (Carman, 1997). 

PLDD and DGK were shown to be responsible for the increased production of PA. PA 

productionn by DGK could be due to direct activation or to a sudden increase in DAG, for 

examplee if PLC activity increased. We favour the latter, but since the evidence is indirect, it 

requiress further discussion. An increase in PLC activity is best measured by the concomitant 

metabolismm of PPIs and an increase in PA and IP3. In this way, mastoparan was shown to 

stimulatee PLC activity in the green alga Chlamydomonas (Munnik et al, 1998b). The rapid 

metabolismm of PIP2 was then followed 30 sec later by a compensatory increase in synthesis. 

Suchh detailed changes in lipid metabolism are only possible in cells that are synchronously 

treatedd with an agonist. In intact roots many of the cells are not in direct contact with the 

labellingg medium, meaning that different cell layers perceived the agonists at different times. 

Hence,, the metabolism of PIP2 in one cell layer is imposed on the simultaneous synthesis of 

PIP22 in another. We therefore think that our inability to detect agonist-induced changes in PPI 

metabolismm is to be expected. To obtain more evidence for the activation of PLC, we used 

neomycinn as a PLC inhibitor to see whether it inhibited PA production. Since neomycin can 

bindd PIP2, it should be borne in mind that it can block other processes in which PPIs are 

involved,, for example it inhibited PIP2-dependent PLD activity in both mammalian 

(Liscovitch,, 1996) and plant cells (Pappan et al, 1997). However, in V. sativa roots, it did not 

inhibitt PBut formation but did inhibit [32P]-PA increases under conditions that were optimal 
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forr detecting DGK (and PLC) activity. This indicates that it had no effect on PLD but 

inhibitedd PLC. If PLC is indeed activated during Nod factor signalling, the subsequent rise in 

IP33 should release Ca2+ from intracellular stores. In support, the Ca2+ spiking associated with 

Nodd factor treatment that centres on the nucleus (Ehrhardt et ah, 1996), strongly suggests that 

intracellularr Ca2+ stores are mobilised. 

Thee fact that PA seems to be generated by both PLD and PLC signalling pathways 

emphasisess its potential importance as a second messenger in early nodulation. If PA 

formationn is relevant to Nod factor signalling, then blocking its synthesis should inhibit 

down-streamm responses. This proved to be the case, for neomycin inhibited both PA 

productionn and root hair deformation. Neomycin also inhibited ENOD12 expression in 

MedicagoMedicago (Pingret et ah, 1998). Similarly, when primary butanols were used to inhibit PA 

productionn by PLD, root hair deformation was again inhibited. Secondary and tertiary 

alcohols,, which do not affect PA formation, did not inhibit root hair deformation. This 

indicatedd that PA production is not simply correlated with root hair deformation but is 

causallyy related. We are presently developing techniques for introducing caged PA into root 

hairss to directly test this relationship. 

PAA generated by different signalling pathways should not be considered as the same 

signallingg molecule. PA produced by PLD originates from the structural lipids and will 

maintainn their fatty acid composition, while that generated by PLC and DGK will have the 

fattyy acid composition of PPIs. Downstream signalling events could discriminate between 

thesee two forms. Secondly, they can be generated at different locations in the cell and activate 

differentt local components. This locality effect has been used to explain how similar Ca2+ 

increasess measured at the cell level can be translated into different responses (reviewed in 

Sanderss et ah, 1999), but is equally applicable to lipid signals like PA. Lastly, different 

pathwayss could produce PA with different kinetics, the one even being down-stream from the 

other.. In V. sativa roots this it not obvious, because PLD and DGK activities were activated 

moree or less at the same time but, as already stated, solid tissues are not suitable for 

extractingg the finer details of kinetic changes at the cell level. Such details must await further 

study. . 

DGPPP was formed whether mastoparan or Nod factor was used to stimulate roots. It 

wass originally discovered as the in vitro product of PA kinase when ATP was added to plant 

microsomess (Wissing and Behrbohm, 1993). It was first detected in vivo when plant cell 

suspensionss were artificially stimulated with mastoparan (Munnik et ah, 1996). More 

recentlyy we have shown that it is formed under physiological conditions such as when tomato 

celll  suspension cultures are treated with pathogen elicitors (Van der Luit et ah, 2000) or 

subjectedd to water stress (Munnik et ah, 2000). However, this is the first demonstration that it 

iss formed by intact plants stimulated by a natural agonist like Nod factor, suggesting that 

DGPPP will prove to be a common indicator of plant cell signalling pathways that generate 
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PA.. Since it is only synthesised in vivo under conditions that evoke signalling, it could be a 

signall  in its own right, as indicated by its biological activity in macrophage cells where it 

activatess immuno-inflammatory signalling (Balboa et al, 1999). 

Wee present a model of the Nod factor receptor activating PLC and PLD via G-

proteinss to summarise our data (Figure 9). Although we demonstrated that these responses 

tookk place within a few minutes, much faster responses are known. For example membrane 

depolarisationn (Ehrhardt et al, 1992; Felle et al, 1995; Kurkdjian, 1995), intracellular 

alkalinizationn (Felle et al, 1996) and changes in cytosolic Ca2+ concentrations (Cardenas et 

al,al, 1999; Felle et al, 1998; Gehring et al, 1997) occur within seconds of applying Nod 

factor.. Since both PLD and PLC can be activated by Ca2+ (Munnik et al, 1998a), the changes 

wee have described could be consequences of the earlier events. For example, the primary 

effectt of both mastoparan and Nod factor could be to activate a G-protein-gated Ca2+ channel 

inn the plasma membrane. Similarly, activated PLC in our model is expected to release Ca + 

fromm stores in the cell, since calcium spiking occurs in the same time frame as PLC activation 

andd seems to involve stores around the nucleus (Ehrhardt et al, 1996), both these responses 

couldd be causally related. 

[[ Nodfactor~| 

Figuree 9. Putative lipid signalling pathways leading to root hair formation. 

ButOHH = primary butyl-alcohol; G = G-protein; MP = mastoparan; R = putative Nod factor receptor. Other 

abbreviationss are used as defined in the text. 
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Experimentall  procedures 

PlantPlant material 

ViciaVicia sativa spp. nigra seeds were germinated and grown in modified Fahreus slides 

(Bhuvaneswarii  and Solheim, 1985) as described previously (Heidstra et al, 1994; Van 

Brussell  et ai, 1982). The plant growth medium was composed of 2.72 mM CaCl2, 1.95 mM 

MgS04,, 2.20 mM KH2P04, 1.26 mM Na2HP04 and 0.08 mM ferric citrate. Each slide 

containedd 1 ml of medium and 5 seedlings that were grown at 22 °C in a light/dark regime 

(16h/8h)) with an average photon flux of 42 uE mV1 provided by Philips TL 65W/33 

fluorescentt tubes (Eindhoven, The Netherlands). After 2 to 3 days the plants were used for 

roott hair deformation assays or labelling experiments. 

[[  P]-Phospholipid labelling, extraction and analysis 

Seedlingg roots were washed in phosphate-free plant growth medium and subsequently 

labelledd in 160 ul label medium (2.72 mM CaCl2, 1.95 mM MgS04, 0.08 mM ferric citrate, 

100 mM Hepes, pH 6.5) containing 0.59 Mbq carrier-free [32P]-orthophosphate (Amersham 

International,, The Netherlands) enclosed in the 200 ul compartment of a Fahreus slide 

modifiedd for 32Pj-labelling (see Figure 10). Treatments were stopped by transferring each 

seedlingg to 1 ml 5% (v/v) perchloric acid. After 5 min the root was cut-off and the lipids 

extractedd by adding 400 ul CHCl3/MeOH/HCl (50:100:1, v/v) and freezing and thawing the 

mixturee using liquid nitrogen. After 1 min of rigorously mixing, the lipid extract was 

transferredd to a clean tube and a two-phase system induced by adding 400 ul CHCI3 and 214 

Hii  0.9% (w/v) NaCl. After vortexing and centrifugation, the upper phase was removed and 

thee lower phase washed with 400 pi CHCl3/MeOH/l M HC1 (3:48:47, v/v). Lipid extracts 

weree dried by vacuum centrifugation, dissolved in 20 ul CHCI3 and stored under N2 at -20°C, 

orr immediately used for TLC analysis. 

Lipidss were chromatographed using two different solvents. An alkaline solvent 

systemm (CHCl3/MeOH/25% NH4OH/H20 [45:35:2:8, v/v]) was used to separate the different 

phospholipidss as described by Munnik et al. (1994b) and an ethyl acetate solvent system (the 

organicc upper phase of ethyl acetate/iso-octane/formic acid/H20 [13:2:3:10, v/v]) was used to 

separatee PBut and PA from the other phospholipids (Munnik et al, 1998b). Radiolabelled 

lipidss were visualised by autoradiography (X-Omat S, Kodak) and quantified by 

phosphoimagingg (Storm, Molecular dynamics). 

PLDD activity was measured as the production of PBut, essentially as described by 

Munnikk et al. (1995). After labelling with 32Pj, the roots were treated with mastoparan, Nod 
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factorr or label medium (control) in the presence of 0.75% (v/v) n-butanol. Reactions were 

stopped,, lipids extracted and analysed by ethyl acetate TLC. 

Inn neomycin experiments, roots were pre-treated for 1 h before the addition of Nod 

factorr or mastoparan to the label medium. 

seedling g 

root t 

coverr slip 

,seed d 

labell medium 

~~~ silicon glue 

microscopee slide 

Figuree 10. Schematic drawing of a Fahreus slide modified for 32Prlabelling of V. sativa seedlings. 

Thee slide contains two chambers that were created with silicon glue between a cover slip and a microscope 

slide.. The silicon glue pastes the cover slip to the slide and serves as spacer as well. 

RootRoot hair deformation assay 

Freshh plant growth medium containing mastoparan analogues (1 uM) or NodRlv factor (10" 

M)) was added and the plants were incubated at 22°C. Deformation was microscopically 

determinedd 4 h after treatment with mastoparan or 3 h after addition of Nod factor. At least 3 

Fahreuss slides, each containing 5 seedlings, were used per incubation. Inhibitors were added 

concomitantlyy with Nod factor. 

Materials Materials 

Syntheticc mastoparan and the analogues Mas7, Mas8 and Mas 17 were obtained from 

Peninsulaa Laboratories (Belmont, USA). Stock solutions were prepared in water and stored at 

-200 °C. Reagents for lipid extraction and the silica 60 TLC plates were from Merck 

(Darmstadt,, Germany). NodRlv factors, as secreted by Rhizobium leguminosarum bv. vicia 

strainn RBL5799, were purified according to Spaink et al. (1991). 
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PAPA mimics Nod factor responses 

Summary y 

Rhizobium-secrettdRhizobium-secrettd nodulation factors are lipo-chitooligosaccharides that initiate nodule 

formationn on the host legume root. Recently, the signalling lipid phosphatide acid (PA) was 

shownn to be rapidly synthesised in Vicia sativa roots in response to Nod factor application. 

PAA can be synthesized via two signalling routes, i.e. via the phospholipase D (PLD) and the 

phospholipasee C (PLC) signalling pathways. When the formation of PA by either pathway 

wass inhibited, root hair deformation was blocked. To further explore PA's role in Nod factor 

signalling,, we investigated whether this phospholipid can activate ENOD12 expression using 

RT-PCR.. Blocking PLC-generated PA by neomycin treatment inhibited ENOD12 expression. 

Primaryy butanol, a potential blocker of PLD-derived PA, also inhibited the expression of this 

gene.. Exogenously added synthetic PA with relatively short fatty acid chains activated 

ENOD12ENOD12 expression. However, it did not elicit root hair deformation. Lyso-PA (L-PA), a PA 

moleculee with only one fatty acid, did activate root hair deformation. After the addition of 
32P-labelledd L-PA to V. sativa seedlings [32P]-PA was extracted, showing that L-PA is 

convertedd into PA in the plant. These results underline the importance of PA in Nod factor 

signalling. . 

Introductio n n 

Thee interaction between leguminous plants and Rhizobium bacteria results in the formation of 

roott nodules, in which a symbiotic relationship between the two organisms is established. 

Thee bacteria are able to fix atmospheric nitrogen into ammonia compounds, promoting plant 

growthh independent of soil nitrogen. During early stages of the Rhizobium-legame 

interaction,, specific lipo-chitooligosaccharides are produced by the bacteria. These molecules 

aree referred to as nodulation (Nod) factors, since they are essential for initiating early plant 

responsess leading to nodule formation (reviewed in Geurts and Bisseling, 2002). 

Thee mechanism by which leguminous plants perceive Nod factor signals is not well 

known.. Nod factors are able to induce various responses in root epidermal cells. The primary 

responsee is an influx of Ca + that opens transmembrane anion channels (Felle et al, 1998; 

1999),, leading to a depolarisation of the plasma membrane (Ehrhardt et al., 1992; Felle et al, 

1995;; Kurkdjian, 1995) and alkalinisation of the cytosol (Felle et al, 1996). About 10 min 

afterr Nod factor application, cytosolic Ca2+ spiking starts (Ehrhardt et al, 1996; Wais et al, 

2002;; Walker et al, 2000). Although these responses are specifically activated by Nod 

factors,, it is not clear whether they are part of the signal transduction pathway that leads to 

nodulee development. Recently, the phospholipid phosphatidic acid (PA) was suggested to be 

aa second messenger in early nodulation (Den Hartog et al, 2001). Its synthesis in Vicia sativa 
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seedlingg roots is stimulated by Nod factor addition via two signalling pathways: the 

phospholipasee C (PLC) and the phospholipase D (PLD) pathways. PLC hydrolyses 

phosphatidylinositoll  4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and 

diacylglyceroll  (DAG). The latter is rapidly phosphorylated to PA by DAG kinase (DGK; Den 

Hartogg et al, 2001; Munnik et al, 1998; Munnik, 2001). PLD hydrolyses a structural lipid 

suchh as phosphatidylcholine, resulting in the direct formation of PA. Blocking the synthesis 

off  PA by either pathway caused the inhibition of root hair deformation, indicating that both 

PAss are important for down-stream Nod factor responses (Den Hartog et al, 2001). 

Too further explore the role of PA in Nod factor signalling, we investigated whether 

thiss phospholipid is instrumental in activating other symbiosis-specific plant responses. A 

numberr of plant genes have been identified whose transcription can be specifically elicited in 

roott tissues in response to Nod factor application (reviewed in Heidstra and Bisseling, 1996). 

Onee of the best studied is ENOD12, which has been characterised in pea (Scheres et al, 

1990),, vetch (Vijn et al, 1995b), alfalfa (Allison et al, 1993), Medicago truncatula (Pichon 

etet al, 1992) and Vicia faba (Fruhling et al, 2000). It encodes a repetitive proline-rich 

protein,, which may function as a cell wall component modifying the infectibility of the root 

hairss (Pichon et al, 1992). Using transgenic Medicago truncatula plants expressing a fusion 

betweenn the MtENOD12 promotor and the reporter gene ^-glucuronidase (GUS), ENOD12 

transcriptionn was shown to be elicited in epidermal root cells within 1 h of Nod factor 

treatmentt (Journet et al, 1994; Pichon et al, 1992; Pingret et al, 1998). In addition, reverse 

transcriptasee PCR (RT-PCR) experiments have shown Nod factor-dependent expression of 

ENOD12ENOD12 in pea (Horvath et al, 1993), vetch (Heidstra et al, 1997; Vijn et al, 1995a) and 

alfalfaa (Bauer et al, 1994). In this study, we show that PA is involved in the activation of 

ENOD12ENOD12 expression in V. sativa roots, providing further evidence that PA is an important 

secondd messenger in Nod factor signalling. 

Results s 

NodNod factor elicits ENOD12 expression in V. sativa roots 

Too investigate the expression of ENOD12 in V. sativa seedling roots, an RT-PCR procedure 

wass used (Heidstra et al, 1997; Vijn et al, 1995a). V. sativa seedlings were treated for 

differentt periods of time with 10"9 M Nod factor after which susceptible zones of 10 roots 

weree collected. Total RNA was isolated and for each time point the amount of ENOD12 

mRNAA was quantified. As shown in Figure 1, ENOD12 expression was detectable after 1 h 

andd increased after longer treatment. As an internal control ubiquitin mRNA was amplified 

(Horvathh et al, 1993). The ubiquitin gene consists of five multiple units (Watts and Moore, 
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1989)) of which three were clearly visible after 18 cycles of amplification (Figure 1; Heidstra 

etet al, 1997; Vijn et al, 1995a). 

Ohh 1h 2h 3h 5h 8h 

ENOD12 ENOD12 

Ubiquitin Ubiquitin 

Figuree 1. RT-PCR analysis of ENOD12 expression in V. saliva roots. 

Seedlingss were treated with 10'9 M Nod factor and susceptible zones were collected after 0, 1, 2, 3, 5 and 8 h. 

Totall  RNA was isolated for RT-PCR experiments. As an internal control, ubiquitin mRNA was amplified. 
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Figuree 2. Primary butanol inhibits ENOD12 expression in V. sativa roots. 

ENOD12ENOD12 expression was induced by adding 1O"9 M Nod factor in the presence or absence of butanol isomers 

(0.5%).. After 5 h, total RNA was isolated from the susceptible zones of the roots and used for RT-PCR 

experiments.. Ubiquitin mRNA was amplified as an internal control. Levels of ENOD12 and ubiquitin 

expressionn were quantified by phosphoimaging. ENOD12 expression was normalised against ubiquitin 

expressionn and plotted relative to the untreated control. Error bars indicate standard deviations (n=A). 
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Figuree 3. Neomycin inhibits ENOD12 expression in V. sativa roots. 

Seedlingss were treated with 10"9 M Nod factor in the presence or absence of neomycin (100 or 200 uM) for 5 h. 

Subsequently,, the susceptible zones of the roots were harvested and total RNA was isolated for RT-PCR 

experiments.. Ubiquitin mRNA was amplified as an internal control. Levels of ENOD12 and ubiquitin 

expressionn were quantified by phosphoimaging. Expression of ENOD12 was normalised against ubiquitin 

expressionn and plotted as relative expression against the untreated control. Error bars indicate standard 

deviationss (n=3). 

EffectEffect ofbutanols on ENOD12 expression in V. sativa roots 

PLDD generates PA (PAPLD) via a unique transphosphatidylation mechanism in which the 

phosphatidylgroupp of its substrate is transferred to water, resulting in the formation of PA. 

Primaryy alcohols can inhibit the formation of PAPLD by competing with water for the 

phosphatidyll  group, whereas tertiary alcohols can not, because they are not 

transphosphatidylationn substrates (Den Hartog et al., 2001; Gilbert et al, 1998; Jacob et al., 

1999;; Munnik et al, 1995; Lee et al., 2001; Ritchie and Gilroy, 1998). In order to investigate 

whetherr PAPLD is important for ENOD12 expression, the effects of primary («-) and tertiary 

(tert-)(tert-) butanol were tested. Butanols (0.5%) were added together with Nod factor and the 

rootss were treated for 5 h. Susceptible root zones were then collected and total RNA isolated 

forr RT-PCR analysis. As shown in Figure 2, «-butanol clearly inhibited ENOD12 expression 

(31%% , in contrast to fert-butanol (4.9% . Treating the roots with just n- or tert-

butanoll  had no effect on the expression of ENOD12, nor was the expression of the control 
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genee ubiquitin affected by the butanols. These results indicate that PAPLD is involved in the 

signallingg pathway leading to ENOD12 expression. 

NeomycinNeomycin inhibits ENOD12 expression in V. sativa roots 

Neomycinn inhibits the formation of PLC-generated PA (PAPLc) by chelating PIP2, PLC's 

substrate.. Consequently, the formation of DAG and its subsequent phosphorylation to PA is 

inhibitedd (Den Hartog et al, 2001; De Jong et al, 2003). To investigate whether PAPLC is 

importantt for ENOD12 expression, the effect of neomycin was studied. As shown in Figure 

3,, 100 uM neomycin reduced the Nod factor-induced ENOD12 expression by approximately 

30%% ) whereas 200 uM inhibited approximately 55% . Neomycin alone had no effect 

onn ENOD12 or ubiquitin expression. These results imply that PA generated via the PLC 

pathwayy is also important for the induction ofENOD12 expression. 

PCC PA 

1000 0 50 100 200 500 jyM 

* »» H l *  * ENOD12 

Figuree 4. PA elicits ENOD12 expression in V. sativa roots. 

V.V. sativa seedlings were treated with different concentrations of PA. As a control, 100 uM PC was used. After 5 

hh of treatment, the susceptible root zones were harvested and total RNA isolated for RT-PCR experiments. 

UbiquitinUbiquitin mRNA was amplified as an internal control. 

CanCan PA mimic the Nod factor responses? 

Thee experiments with butanol and neomycin suggest that PA is upstream of ENOD12 

expressionn and root hair deformation (Den Hartog et al, 2001). The next step was to 

investigatee whether ENOD12 expression and root hair deformation could be elicited by 

exogenouss PA. There are, however, limitations to administering PA, since it is relatively 

insolublee in water. This is caused by the long fatty acid chains which give the lipid its 

hydrophobicc character. Nonetheless, there are synthetic analogues with relatively short fatty 

acidd chains that are more water-soluble. Therefore, to study the effect of PA on ENOD12 
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expressionn and root hair deformation, a synthetic short-chain PA was used. As a control, 

seedlingss were treated with short-chain phosphatidylcholine (PC), a synthetic analogue of 

naturall  PC that is a common phospholipid in plant membranes. 

Figuree 5. Effect of exogenously added phospholipids on root hair deformation. 

V.V. sativa seedlings were treated with 100 uM PC (a), 100 uM PA (b), 50 uM L-PC (c), 50 uM L-PA (d), growth 

mediumm (e) or 10"' M Nod factor (f). Root hair deformation was microscopically examined after 4 h of 

treatment. . 

Accordingly,, seedlings were treated with different concentrations of short-chain PA 

forr 5 h. Susceptible root zones were then harvested and total RNA was isolated for RT-PCR 

analysis.. As shown in Figure 4, ENOD12 expression was readily elicited by the exogenously 

appliedd short-chain PA. Maximal activation was reached at 100 uM. The control lipid PC did 

nott elicit ENOD12 expression. These results demonstrate that PA can mimic Nod factor in 

inducingg ENOD12 expression. In contrast, no root hair deformation was induced by PA or PC 

(Figuree 5a,b). However, the addition of another form of 'soluble' PA, lyso-PA (L-PA), did 

resultt in root hair deformation (Figure 5d). L-PA is more water-soluble than PA, since it 

lackss one of the fatty acids. The finding that L-PA can trigger root hair deformation could 

meann that L-PA itself elicits this response or that L-PA is taken up and converted to PA via 

ann acylation step. Since no changes in the level of L-PA were found after Nod factor 
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treatmentt (Den Hartog et ai, 2001), we tested the hypothesis that L-PA is converted to PA. 

V.V. sativa seedlings were incubated with 32P-labelled L-PA for different periods of time. Root 

lipidss were subsequently extracted, separated by TLC and the radioactive lipids visualised by 

autoradiography.. Indeed, as shown in Figure 6, radioactive L-PA was taken up by the 

seedlingss and within 30 min converted to PA. Other radioactive lipids were also synthesised, 

indicatingg that radioactive L-PA is metabolised in the roots. 

Ék Ék 
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Figuree 6. Exogenously applied 32P-labelled L-PA is taken up and metabolised into PA in V. sativa roots. 

Seedlingss were treated with 32P-labelled L-PA for different periods of time. Lipids were extracted from the 

excisedd root and separated by thin layer chromatography. Radioactive lipids were detected by autoradiography. 

Discussion n 

PAA is emerging as an important signalling molecule in animals and plants (Munnik, 2001; 

Munnikk and Musgrave, 2001). Its level increases within minutes in response to a variety of 

stresss treatments including ethylene, pathogen elicitors, wounding, osmotic stress, abscisic 

acidd and oxidative stress (Meijer and Munnik, 2003). Recently, PA was implicated in Nod 

factorr signalling, as supported by several lines of evidence (Den Hartog et ah, 2001, 2003). 

First,, Nod factor triggers PA formation in V. sativa roots within minutes of application. This 

PAA is synthesised via two signalling pathways, i.e. PLD and PLC, the latter in combination 

withh DGK (Den Hartog et ai, 2001, 2003). Second, the formation of PA can be inhibited by 
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neomycinn (Den Hartog et al, 2001; De Jong et al, 2003) and this also inhibited root hair 

deformationn and ENOD12 expression. Similar results were obtained with M. truncatula 

wheree ENOD12 expression was inhibited by neomycin and the PLC-inhibitor U73122 

(Pingrett et al, 1998). Third, both responses were also impaired when PLD was inhibited 

usingg a primary butanol. Fourth, mastoparan, a potent activator of PLC and PLD activity, 

inducedd PA formation and triggered root hair deformation (Den Hartog et al, 2001) and 

ENOD12ENOD12 expression (Pingret et al, 1998). Here, further evidence was provided by showing 

thatt exogenously applied PA or L-PA, which is at least partially converted to PA, mimicked 

somee of the Nod factor responses in V. sativa roots. 

Whilee synthetic short-chain PA activated ENOD12 expression, it was not sufficient to 

elicitt root hair deformation. Since root hair deformation is more complex than the expression 

off  a single gene, this is not unexpected. Root hairs may require more signals than PA alone to 

deform.. For example, changes in cytosolic Ca2+ are thought to be important for deformation 

(Fellee et al, 1999). Such changes may be activated via a PA-independent pathway, for 

examplee via PLC-generated IP3. The length of PA's fatty acids or their composition could 

alsoo be important for activating down-stream responses. Synthetic short-chain PA may not 

mimicc the natural endogenous PA. In support, exogenously applied L-PA was able to trigger 

roott hair deformation. The addition of L-PA outside the roots is an indirect method to 

increasee the level of PA inside, for we showed that 32P-Iabelled L-PA is metabolised into 

radioactivee PA. This PA carries fatty acids that resemble the natural composition, in contrast 

too the synthetic short-chain (C8:0) PA. Synthetic PA with relatively short fatty acids may also 

adverselyy influence the physical properties of the membrane or be incorporated in membranes 

wheree a response is not elicited. When a root is stimulated with Nod factor, PA is likely to be 

formedd in different membranes in the cell, since PLC and PLD are probably activated at 

differentt locations. These PA species may induce locally different downstream effects which 

aree not easy to mimic by adding synthetic short-chain PA. If metabolic products of PA are 

cruciall  for down-stream responses, the use synthetic short-chain PA could be detrimental, for 

PAA may not be metabolised by the relevant enzymes. A phosphorylated product of PA in 

plantss is diacylglycerol pyrophosphate (DGPP). It has been detected in response to various 

physiologicall  stresses, including Nod factor treatment (Meijer et al, 2001; Munnik et al, 

1996;; 2000; Hartog et al, 2001; Pical et al, 1999; Van der Luit et al, 2000). DGPP is 

believedd to attenuate PA levels, but since it is only synthesised under conditions that evoke 

signalling,, DGPP could be a signal in its own right. At this moment, it is not known whether 

DGPPP plays a role in the activation of down-stream Nod factor responses. 

Howw PA triggers downstream responses is still unknown. Several proteins that are 

activatedd by PA or are able to bind it have been identified (Munnik, 2001; Testerink and 

Munnik,, 2003). Increasing the local concentration of PA could generate a docking site for 

targett proteins, recruiting them from the cytosol to the membrane. Concentrating such 
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proteinss on the membrane increases the chances of protein-protein interactions, indirectly 

regulatingg enzyme activity (Laxalt and Munnik, 2002). In addition, PA binding could induce 

aa conformational change in the protein causing it to become active or inactive. In soybean, 

PAA has been shown to activate a MAPK cascade that is involved in wound signalling (Lee et 

al.,al., 2001). In carrot, a Ca2+-dependent protein kinase (CDPK) was isolated that is activated 

byy PA in vitro (Farmer and Choi, 1999). PA could also affect ion channel activity. For 

examplee in guard cell protoplasts, PA inhibited the activity of an inward-rectifying K+-

channell  (Jacob et al, 1999). Apart from a function for PA, a role for PLD itself has been 

proposed.. Recently, an Arabidopsis microtubule-associated protein was identified as a 

membrane-localisedd PLD (Gardiner et al, 2001). This indicates that PLD can hold the 

microtubuless at the plasma membrane and can function as a general membrane-microtubule 

linkerr (Munnik and Musgrave, 2001). This model is supported by the work of Dhonukshe et 

al.al. (2003), where they show that the cytoskeleton of tobacco cells is released from the plasma 

membranee when cells are treated with a primary butanol, but not with secondary or tertiary 

butanols.. Other PLD-activators (i.e. osmotic stress, xylanase) were also shown to induce 

microtubularr reorganisation. To investigate whether PLD has such a function in the 

establishmentt of the Rhizobium-legame symbiosis is exciting, since the cytoskeleton has been 

reportedd to reorganise after Nod factor application (Timmers et al, 1999). 

Experimentall  procedures 

PlantPlant material 

ViciaVicia sativa spp. nigra seeds were germinated and grown in modified Fahreus slides as 

describedd by Den Hartog et al. (2001). The growth medium was composed of 2.72 mM 

CaCl2,, 1.95 mM MgS04, 2.20 mM KH2P04, 1.26 mM Na2HP04 and 0.08 mM ferric citrate. 

Eachh slide contained 1 ml medium and five seedlings grown at 22*  C in a light/dark regime 

(166 h/8 h) with an average photon flux of 42 uE m"2 sec"1 provided by Philips TL 65 W/33 

fluorescentfluorescent tubes (Eindhoven, The Netherlands). After 2-3 days the seedlings were used for 

experiments. . 

PlantPlant treatments 

Freshh plant growth medium containing NodRlv factor, PA (C8:0, dioctanoyl), PC (C10:0, 

didecatonoyl),, L-PA (CI8:1, oleoyl) or L-PC (CI8:1, oleoyl) was added and the plants were 

incubatedd at 22°C for the times indicated. Neomycin and butanol were added together with 

Nodd factor. Lipids, dissolved in chloroform, were dried under nitrogen gas and then dispersed 
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inn growth medium using a bath sonicator, to a concentration of 1.0 mM. This stock solution 

wass diluted with fresh growth medium to produce the final concentrations. 

Roott hair deformation was microscopically determined 4 h after treatment. Per 

incubation,, three Fahreus slides, each containing 5 seedlings, were used (Den Hartog et al, 

2001). . 

ReverseReverse transcription PCR analysis 

Susceptiblee root zones (Den Hartog et al, 2001; Heidstra et al, 1994) of 10 seedlings were 

collectedd in liquid nitrogen and total RNA was isolated using the Trizol-LS reagent method 

(Gibcoo BRL, Breda, The Netherlands). RNA was quantified using spectrophotometry and 

agarosee gel electroforesis. cDNA was made from total RNA (1 ug) using SUPERSCRIPT II 

(Gibcoo BRL, Breda, The Netherlands) and an oligo-dT primer (5'-ttggatcctctaga(t)i5-3'), 

accordingg to the manufacturer's manual. Subsequently, 20 ng of cDNA was used for PCR. 

Thee ENOD12 cDNA was amplified during 22 cycles (1 min 95°C, 1 min 48°C, 1 min 72°C) 

usingg a specific forward primer (ENOD12-F: 5'-cttgtccacactagttttct-3') and an oligo-dT 

primer.. Ubiquitin cDNA was amplified during 18 cycles (1 min 95 "C, 1 min 48 °C, 1 min 

72°C)) using a specific forward primer (VsUBI3-F: 5'-atgcagatc/ttttgtgaagac-3') and an oligo-

dTT primer. The PCR reaction was performed in the presence of 10 mM Tris-HCl (pH 8.0), 50 

mMM KC1, 2 mM MgCl2 and 0.1 unit Taq DNA polymerase (MBI Fermentas, St. Leon-Rot, 

Germany).. All primer concentrations were 1.6 uM. The amplification rate was in a linear 

rangee for all PCR products which were separated by electrophoresis in a 1.5% (w/v) agarose 

gell  and transferred to Hybond-XL nylon membrane (Amersham, Roosendaal, The 

Netherlands).. ENOD12 or ubiquitin fragments were detected by hybridisation with 32P-

labelledd cDNA probes from Pisum sativum which are highly identical to the corresponding 

sequencess from V. sativa (Scheres et al, 1990; Vijn et al, 1995b). Radioactivity was 

visualisedd by autoradiography (X-Omat S, Kodak, Amsterdam, The Netherlands) and 

quantifiedd by phosphoimaging (Storm, Molecular Dynamics, Sunnydale, CA, USA). 

Inn control experiments, total RNA was treated as above but without SUPERSCRIPT 

II .. In all cases, these control reactions gave no signal after hybridization (data not shown). All 

RT-PCRR experiments were performed at least twice, using independent RNA preparations. 

PreparationPreparation of32P-labelledL-PA 

Cellss of the green alga Chlamydomonas moewusii were pre-labelled with [32P]-

orthophosphatee and treated with 300 mM KC1 to trigger L-PA formation (Meijer et al, 

2001).. Lipids were then extracted, separated by 2D-TLC and [32P]-L-PA was isolated directly 

fromfrom the TLC plate (Arisz et al, 2000). 
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Materials Materials 

Thee water-soluble, short-chain PA (1,2-dioctanoyl-sn-glycerol 3-phosphate) and PC (1,2-

didecatonoyl-sn-glycero-3-phosphocholine)) were purchased from Sigma (St. Louis, MO, 

USA).. L-PA (l-oleoyl-2-hydroxy-sn-glycero-3-phosphate) and L-PC (l-oleoyl-2-hydroxy-

sn-glycero-3-phosphocholine)) were obtained from Avanti polar lipids (Alabaster, AL, USA). 

Lipidss were dissolved in chloroform and stored at -20°C under nitrogen gas. Neomycin 

sulphatee was obtained from Sigma (St. Louis, MO, USA). Other reagents were from Merck 

(Darmstadt,, Germany). NodRlv factors were purified as described earlier (Den Hartog et al, 

2001). . 
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NodNod factor and elicitors affect phospholipid-basedsignalling 

Summary y 

Lipo-chitooligosaccharidess (Nod factors) are produced by symbiotic Rhizobium bacteria to 

elicitt nodulation responses on their legume hosts. One of the earliest responses is the 

formationn of phosphatidic acid (PA), a novel second messenger in plant cells. Remarkably, 

pathogenss have also been reported to trigger the formation of PA in non-legume plants. To 

investigatee how host plants can distinguish between symbionts and pathogens, the effects of 

Nodd factor and elicitors (chitotetraose and xylanase) on the formation of PA were 

investigatedd in suspension-cultured alfalfa {Medicago sativd) cells. Theoretically, PA can be 

synthesisedd via two signalling pathways, i.e. via phospholipase D (PLD) and via 

phospholipasee C (PLC) in combination with diacylglycerol kinase (DGK). Therefore, a 

strategyy involving differential radiolabelling with [32P]-orthophosphate was used to determine 

eachh pathway's contribution to PA formation. In support, PLD activity was specifically 

measuredd by using the enzyme's ability to transfer the phosphatidyl group of its substrate to a 

primaryy alcohol. In practice, Nod factor, chitotetraose and xylanase induced the formation of 

PAA and its phosphorylated product diacylglycerol pyrophosphate within 2 min of treatment. 

However,, while PLC and DGK are activated during treatment with all three different 

compounds,, PLD is only activated by Nod factor. 

Introductio n n 

Leguminouss plants can form a symbiotic relationship with Rhizobium bacteria. These gram 

negativee soil bacteria can invade the host's roots and trigger the formation of a new organ, 

thee root nodule. There they benefit from the proper environment to fix atmospheric nitrogen 

fromfrom which their host profits, while the host supplies Rhizobium with sugars. An exchange of 

signalss between the plant and the bacterium initiates symbiosis. During the first interactions, 

nodulationn (Nod) factors are secreted by Rhizobium. They are lipo-chitooligosaccharide 

signalss that are essential for initiating early plant responses during nodulation (reviewed in 

Geurtss and Bisseling, 2002) 

Plantss can also recognise the presence of pathogens. Perception of elicitors derived 

fromfrom the cell surface of pathogenic microorganisms initiate a hypersensitive response, 

phytoalexinn production and other defence responses. It is not understood how plants 

distinguishh between symbiotic and pathogenic microorganisms. Besides the responses that 

typifyy nodulation or defence, much faster responses are known. Changes in cytosolic calcium 

concentrationn are triggered within minutes by elicitors and Nod factor (reviewed in Cullimore 

etet al, 2001; Grant and Mansfield, 1999), while more recently we showed that phosphatidic 

acidd (PA) was formed when Vicia sativa roots were treated with Nod factor (Den Hartog et 
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al,al, 2001) and when tomato cell suspensions were treated with xylanase or chitin fragments 

(Vann der Luit et al, 2000). 

Thee importance of PA as a second messenger in plants has been documented 

(Munnik,, 2001). It can be generated via two signalling pathways (Munnik, 2001). Firstly, 

PLCC can hydrolyse the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositoll  1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The latter is then rapidly 

phosphorylatedd by DAG kinase (DGK) to PA (Munnik et al, 1998a, 2001). IP3 is able to 

releasee Ca2+ from internal stores, increasing the activity of a range of effector enzymes such 

ass Ca2+-dependent protein kinases. Secondly, PA is the direct product of phospholipase D 

(PLD),, which hydrolyses structural lipids such as phosphatidylcholine. To attenuate PA 

signals,, plants convert PA into diacylglycerol pyrophosphate (DGPP) via PA kinase (Meijer 

andd Munnik, 2003; Munnik et al, 1996). 

Onee of the key questions concerning Rhizobium-legams symbiosis is how the host 

discriminatess between symbiotic and pathogenic microorganisms. In this study, we 

investigatedd phospholipid signalling in suspension-cultured alfalfa (Medicago sativa) cells 

duringg treatments with Nod factor and elicitors (xylanase and chitin fragments). Recently, we 

usedd 32P-labelled intact seedlings to show that Nod factor induces the activation of PLD and 

PLCC in combination with DGK in the root of Vicia sativa (Den Hartog et al, 2001). Intact 

plantss are not suitable for studying the finer details of phospholipid turnover, since most cells 

aree not in direct contact with the medium. Consequently, different cell layers are labelled 

asynchronouslyy and perceive the agonists asynchronously, resulting in lipid turnover data that 

aree averages of cells expressing widely different kinetics. Therefore, a suspension of alfalfa 

cellss was used to favour synchronic labelling and treatment. We demonstrate that both Nod 

factorr and the elicitors elicit PA formation. However, while the PLC pathway is activated 

duringg treatment with all three different compounds, PLD is only activated by Nod factor. 

Results s 

NodNod factor treatment activates PA, DGPP and PBut formation in suspension-cultured alfalfa 

cells cells 

Too investigate whether Nod factor triggers phospholipid signalling, suspension-cultured 

alfalfaa cells were incubated with [32P]-orthophosphate for 3 h to label all phospholipids. 

Subsequently,, they were treated for 15 min with different concentrations of Nod factor in the 

presencee of «-butanol (0.5%) to measure PLD activity. PLD has the unique ability to transfer 

thee phosphatidyl group of its substrate to a primary butanol, forming phosphatidylbutanol 
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(PBut;; Munnik et al., 1995). After Nod factor treatment, lipids were extracted and separated 

byy thin layer chromatography (TLC). 
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Figuree 1. Nod factor treatment activates PA, PBut and DGPP formation in suspension-cultured alfalfa cells. 

(a)) Nod factor stimulates the formation of PA and PBut in a dose-dependent manner. Cells were pre-labelled 

withh 32P, for 3 h and stimulated with different concentrations of Nod factor for 15 min in the presence of 0.5% n-

butanol.. Treatment was stopped and lipids were extracted, separated by TLC and detected by autoradiography. 

(b)) Quantification of PA levels, (c) PBut levels and (d) DGPP levels. The amount of radioactivity in each 

speciess was quantified by phosphoimaging and expressed as -fold stimulation compared with the control. Error 

barss indicate standard deviations. 

(e)) Nod factor stimulates the formation of PA and PBut in a time-dependent manner. Cells were pre-labelled 

withh 32Pj for 3 h and stimulated with 10"9 M Nod factor for different periods in the presence of 0.5% n-butanol. 

Treatmentt was stopped and lipids were extracted, separated by ethyl acetate TLC and detected by 

autoradiography. . 

(f)) Quantification of PA levels, (g) PBut levels and (h) DGPP levels. The amount of radioactivity in each 

speciess was quantified by phosphoimaging and expressed as -fold stimulation compared with the control. Error 

barss indicate standard deviations. 

Ass shown in Figure 1 (a,b), Nod factor elicited the formation of PA in suspension-

culturedd alfalfa cells in a dose-dependent manner. At concentrations as low as 10" M, PA 

formationn was already triggered with a maximum stimulation at 10" M Nod factor. Higher 

concentrationss inhibited the PA response (data not shown). At least part of the PA was 

formedd via the PLD pathway, since PBut was also formed (Figure la,c). DGPP, the 

phosphorylatedd product of PA, also increased in a dose-dependent manner (Figure Id). No 

changess in lyso-phospholipids, the products of PLA2 activity,, were detected (Figure la). 

Thee stimulation of PA, PBut and DGPP synthesis were not only dose-, but also time-

dependentt (Figure le-h). An increase in PA was detectable after 2 min and the stimulation 

wass maximal after 10 min (Figure le,f). PBut was also formed after 2 min (Figure le,g), 

implyingg that PLD was very rapidly activated on Nod factor treatment. PBut synthesis 

stoppedd after 20 min, indicating that PLD activation had ceased. Since PBut is an 'unnatural' 

lipidd it is not readily metabolised and is therefore accumulated. This is in contrast to PA and 

DGPPP that are metabolised and therefore decline in concentration after 10 min. Since DGPP 

iss a metabolite of PA, DGPP labelling followed the kinetics of PA labelling (Figure lh). 

Again,, no evidence was obtained for the activation of PLA2 (Figure le). 
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Figuree 2. The elicitors chitotetraose and xylanase induce PA and DGPP formation, but not PBut formation in 

suspension-culturedd alfalfa cells. 

(a,d)) Chitotetraose and xylanase elicit PA formation. Cells were pre-labelled with 32P( for 3 h and stimulated 

withh different concentrations of elicitor for 15 min in the presence of 0.5% n-butanol. Treatment was stopped 

andd lipids were extracted and separated by ethyl acetate and alkaline TLC. The amount of radioactive PA was 

quantifiedd by phosphoimaging and expressed as -fold stimulation compared with the control. Error bars indicate 

standardd deviations. 

(b,e)) Chitotetraose and xylanase elicit DGPP formation. The amount of radioactive DGPP was quantified as 

describedd above, using alkaline TLC. 
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(c,f)) PBut formation is not stimulated by chitotetraose or xylanase. The amount of radioactive PBut was 
quantifiedd as described above. 

ChitotetraoseChitotetraose and xylanase elicit PA and DGPP formation, but not PBut formation 

Too test whether plants react differently to the presence of an elicitor, chitotetraose and 

xylanasee were used. Chitotetraose, a tetramer of AT-acetyl-D-glucosamine, is a fungal cell 

walll  component and is closely related to Nod factors since it represents the backbone of the 

Nodd factor (Cote and Hahn, 1994; Boiler, 1995). Xylanase is an elicitor protein isolated from 

thee fungus Trichoderma viride (Dean et al., 1989). In suspension-cultured tomato cells, both 

elicitorss activate lipid signalling (Laxalt et al, 2001; Laxalt and Munnik 2002; Van der Luit 

etal.,2<m). etal.,2<m). 

Alfalf aa cells were pre-labelled for 3 h with radioactive orthophosphate and 

subsequentlyy treated for 15 min with different concentrations of chitotetraose or xylanase. 

Afterr stimulation, lipids were extracted and separated by TLC. As shown in Figure 2, 

chitotetraosee (Figure 2a) and xylanase (Figure 2d) triggered the formation of PA in a dose-

dependentt manner. Both elicitors stimulated the formation of DGPP (Figure 2b,e). However, 

neitherr chitotetraose nor xylanase activated the formation of PBut (Figure 2c,f), implying that 

theyy did not activate PLD in alfalfa cells. In addition, both elicitors did not activate PLA2 

(dataa not shown). 

Nodd factor from a non-symbiotic Rhizobium strain (R. leguminosarum bv. viciae) also 

activatedd the formation of PA in alfalfa cells. The response resembled the reaction to the 

elicitorss xylanase and chitotetraose. PA was not derived from the PLD pathway, for PBut was 

nott synthesised (data not shown). 

PLCPLC in combination with DGK contributes to the PA formation 

Sincee chitotetraose and xylanase induced the formation of PA but did not appear to stimulate 

PLD,, this PA may have been derived from PLC and DGK activities (Munnik, 2001). In 

contrast,, Nod factor activated PLD (Fig. la,c,e,g), but could have activated the PLC pathway 

ass well. To test whether PLC and DGK are activated by these treatments, a differential 

labellingg strategy was used (Munnik et al, 1998b, 2001). The method is based on the 

principlee that radioactive orthophosphate is slowly incorporated into structural lipids, but 

muchh faster into the ATP pool. Since PLD hydrolyses a structural lipid, the PA formed by 

PLDD activity is only radioactive when its substrate is radioactive, which is only after cells 

havee been pre-labelled for several hours. On the other hand, the ATP pool that is used to 

phosphorylatee PLC-generated DAG is radioactive within minutes of labelling. Hence, a short 

labellingg period strongly favours the labelling of PA generated via the PLC pathway. 
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Accordingly,, alfalfa cells were labelled for only 15 min and then treated with Nod factor, 

chitotetraosee or xylanase for different periods of time. As shown in Figure 3 a, Nod factor, 

chitotetraosee and xylanase induced the formation of radioactive PA. This increase also 

correlatedd with a decrease in the level of PIP2, the substrate of PLC (Figure 3b). This 

decreasee was soon followed by an increase in synthesis, presumably to replace the PIP2 lost 

byy hydrolysis. These data indicate that Nod factor and the elicitors activate the PLC pathway, 

evenn though Nod factor was the least effective of the three. 

(a)) 2.5 

o o 

< < 
a. a. 

00 1 

oo control 
 Nod factor 
 CH4 

kk xylanase 

10 0 

timee (min) 
100 0 

00 1 10 0 

tim ee (min ) 

100 0 

Figuree 3. Nod factor, chitotetraose and xylanase stimulate PA and PIP2 turnover in suspension-cultured alfalfa 

cells. . 

(a)) Nod factor, chitotetraose and xylanase stimulate PA formation. Cells were pre-labelled with 32P< for just 15 

minn before stimulating them with 10"9 M Nod factor, 10"9 M chitotetraose or 200 ug/ml xylanase for different 

periodss of time. Asa control, cells were treated with conditioned growth medium. Treatment was stopped, lipids 

weree extracted and then separated by alkaline TLC. The amount of radioactive PA was quantified by 

phosphoimagingg and expressed as -fold stimulation in relation to time zero. 

(b)) Nod factor, chitotetraose and xylanase induce changes in the level of PIP2. Cells were pre-labelled with 32P; 

forr just 15 min before stimulating them with Nod factor (10'9 M), chitotetraose (10"9 M) or xylanase (200 ug/ml) 

forr different periods of time. As a control, cells were treated with conditioned medium. Treatment was stopped, 

thee lipids were extracted and separated by alkaline TLC. The amount of radioactive PIP2 was quantified by 

phosphoimagingg and expressed as -fold stimulation in relation to time zero. 
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Discussion n 

Roott cells are confronted by numerous compounds like Nod factors synthesised by symbiotic 

Rhizobiaa as well as a variety of elicitors produced by pathogens. Plants must differentiate 

betweenn them and welcome the symbiont and repel the pathogen. It is assumed that Nod 

factorss and elicitors are perceived via diverse receptors that activate different signalling 

pathwayss and responses. However, some elements in the signalling pathway and in the 

responsee syndrome may be common to both, since they may have evolved from common 

progenitor.. Here, suspension-cultured alfalfa cells were used to investigate whether symbiotic 

andd pathogenic microorganisms activate different phospholipid signalling pathways. 

Suspension-culturedd cells were used because they are more suitable than intact plants 

forr studying phospholipid signalling, since each cell is in direct contact with the medium. 

Thiss promotes both synchronous labelling of their phospholipids and synchronous perception 

off  the Nod factor or the elicitor, making it possible to visualise rapid changes in phospholipid 

turnover.. For example, using V. sativa seedlings it was not possible to detect Nod factor-

inducedd PIP2 turnover even though PLC was activated (Den Hartog et ah, 2001). In contrast, 

whenn Nod factor was added to alfalfa cell suspensions in this study, the level of PIP2 was 

readilyy seen to decrease and subsequently increase as it was hydrolysed and re-synthesised. 

Responsess were also detected at earlier times, for example PA and DGPP increases were 

detectedd in seedlings after 9 min, but already after 2 min in cell suspensions. 

Att first sight cells did not seem to discriminate between elicitors and Nod factor since 

theyy all induced a [32P]-PA response within 2 min. However, a clear difference was observed 

whenn the origin of the PA was determined. While the PLC pathway contributed to PA 

formationn induced by Nod factor, chitotetraose and xylanase, only Nod factor activated the 

PLDD pathway. Hence, PLD activation discriminated Nod factor signalling from defence 

signalling.. In plants in general, PLD signals more than just the presence of symbionts. It has 

beenn associated with responses to pathogens, wounding, water stress and the hormones ABA 

andd ethylene (Meijer and Munnik, 2003). Furthermore, its activity is correlated with 

senescence,, germination and ripening (see Wang, 2001). It is therefore not surprising that 

plantss possess multigene PLD families. In Arabidopsis, twelve different genes can be 

distinguishedd (Elias et al, 2002; Qin and Wang, 2002). They have been categorised into five 

subgroupss (a, p, y, 8 and Q based on their amino acid composition and biochemical 

propertiess (Wang, 2001; Qin and Wang, 2002). An important question for the future is which 

PLDss are involved in signalling as opposed to general phospholipids metabolism and in 

particular,, which alfalfa PLD signals the presence of Rhizobium. 

PLD'ss product is PA, which is becoming acknowledged as a general intracellular 

signall  in plants (Munnik, 2001; Munnik and Musgrave, 2001). PA also seems to act as a 

secondd messenger downstream from Nod factor, for if PA synthesis is inhibited, downstream 
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responsess such as root hair deformation (Den Hartog et al, 2001), ENOD12 expression 

(Pingrett et al, 1998; Chapter 3) and Ca2+ spiking (Engstrom et al, 2002) are also inhibited. 

Howw can a cell distinguish between different PA signals? First, PA generated by PLC/DGK 

activityy is not the same as that generated by PLD. PAPLD originates from a structural lipid, 

whilee PA PLC/DGK is derived from PIP2, which has a very different fatty acid composition 

(Ariszz et al, 2000). Downstream signalling components can discriminate between them, as 

shownn for mammalian cells (Pettitt et al, 1997). In addition, PLC can be activated at a 

differentt location in the cell compared with PLD, i.e. plasma membrane and golgi. Although 

itt is not yet clear how PA works, several proteins specifically bind this lipid (see Munnik, 

2001;; Munnik and Musgrave, 2001). In plants for example, a CDPK (Fanner and Choi, 1999) 

andd a MAPK cascade (Lee et al, 2001) have been found. Finally, PA could play an important 

rolee in vesicle trafficking and secretion, since it is known to affect the physical properties of 

thee membrane, thereby influencing membrane curvature and the ability to form vesicles 

(Scaless and Schneller, 1999). 

Nodd factor and elicitors stimulated the production of DGPP from PA. Similar effects 

weree found on adding Nod factor to V. sativa roots (Den Hartog et al, 2001), on eliciting 

tomatoo cells (Van der Luit, 2000) and on osmotically stressing alfalfa, tomato, Arabidopsis, 

tobaccoo and Craterostigma plantageneum (Frank et al, 2000; Meijer et al, 2001, 2002; 

Munnikk et al, 2000, unpublished). Originally, DGPP was discovered as an in vitro product of 

PAA kinase when ATP was added to plant microsomes (Wissing and Behrbohm, 1993) and 

laterr as an in vivo product when cells were stimulated with the G-protein activator 

mastoparann (Munnik et al, 1996). Whether the formation of DGPP represents a PA 

attenuationn mechanism or a second signal pathway remains to be established (Munnik, 2001). 

Thee primary response to Nod factor is an influx of Ca2+ that opens plasma membrane 

anionn channels (Felle et al, 1998, 1999). This Ca2+ influx seems to be specific, since it is not 

detectedd in root hairs or cell suspensions treated with elicitors such as chitotetraose (Cardenas 

etet al, 1999; Ehrhardt et al, 1992; Felle et al, 1999; Gehring et al, 1997; Yokoyama et al, 

2000).. Since some PLDs are activated by Ca2+ (Munnik et al, 1998a; Wang, 2001), Nod 

factor-inducedd PLD activation could be downstream from the initial Ca2+ influx. 

AA successful symbiosis may depend on Rhizobium bacteria escaping or suppressing 

thee plant's defence response (Niehaus et al, 1993). In this perspective, the activation of PLC 

byy Nod factor may represent vestigial defence signalling, while PLD activity attenuates or 

modifiess that reaction. For example, PLD could block the extracellular alkalinisation thought 

too be involved in the onset of plant defence (Baier et al, 1999; Felix et al, 1993, 1999). PLC 

activityy seems to be necessary for this response since it is inhibited by PLC inhibitors (De 

Jongg et al, unpublished). Also Rhizobium components other than Nod factor itself could 

attenuatee the defence response. For instance, Sinorhizobium meliloti mutants that fail to 

synthesisee the exopolysaccharide EPSI do not invade the host plant but instead activate its 
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defencee system (Niehaus et al, 1993). Lipopolysaccharides are also important for symbiosis 

(Niehauss et al, 1998), for they can suppress pathogen-induced alkalinisation and the 

oxidativee burst (Albus et al, 2001). It will therefore be interesting to see whether such 

componentss can modify the Nod factor-induced lipid signalling described here. 

Experimentall  procedures 

PlantPlant material 

Suspension-culturedd alfalfa (Medicago sativa) cells were kindly provided by Dr. K. Niehaus 

(Universityy Bielefeld, Bielefeld, Germany). They were grown in Murashige-Skoog medium 

supplementedd with Gamborg vitamins, 5.4 uM NAA and 1.0 uM 6-benzyladenine (Duchefa, 

Haarlem,, The Netherlands). Cells were continuously rotated at 125 rpm in the dark at 25°C 

andd used 4 to 6 days after sub-culturing. 

II  P]f-Phospholipidlabelling, extraction and analysis 

Alfalf aa cell suspension was pre-labelled with 0.18 Mbq carrier-free [32P]-orthophosphate 

(32Pi)) (Araersham International, Roosendaal, The Netherlands) per 100 ul of cells. 

Subsequently,, they were treated with Nod factor or the elicitors for the times indicated. 

Conditionedd sterile growth medium was used for control treatments. Incubations were 

stoppedd by adding perchloric acid (5% [v/v] final concentration) and snap-freezing in liquid 

nitrogen.. Lipid extraction was initiated by adding 3.75 volumes CHCl3:MeOH:HCl 

(50:100:1,, v/v). The samples were then vigorously shaken for 15 min. A two-phase system 

wass induced by adding of 3.75 volumes CHCI3 and 1 volume 0.9% (w/v) NaCl. After 

vortexingg and centrifugation, the upper phase was removed and the lower phase washed with 

3.755 volumes CHCl3:MeOH:l M HC1 (3:48:47, v/v). Lipid extracts were dried by vacuum 

centrifugation,, dissolved in 20 ul CHCI3 and stored under N2 at -20° C, or immediately used 

forr TLC analysis. 

Lipidss were chromatographed using two different solvents in combination with silica 

600 TLC plates (Merck, Darmstadt, Germany). An alkaline solvent (CHCl3:MeOH:25% 

NtLjOFLtbOO [45:35:2:8, v/v]) was used to separate the different phospholipids and an ethyl 

acetatee solvent system (the organic upper phase of ethyl acetate:iso-octane:formic acid:H20 

[13:2:3:10,, v/v]) was used to separate PBut and PA from the other phospholipids as described 

earlierr (Den Hartog et al, 2001). Radiolabelled lipids were visualised by autoradiography (X-

Omatt S, Kodak, Amsterdam, The Netherlands) and quantified by phosphoimaging (Storm, 

Molecularr dynamics, Sunnyvale, CA, USA). 
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PLDD activity was measured as the production of PBut, essentially as described by 

Munnikk et al (1995). After pre-labelling with 32Pj, the cells were treated with Nod factor, 

elicitorr or conditioned growth medium in the presence of 0.5% (v/v) n-butanol. Reactions 

weree stopped, lipids extracted and analysed by ethyl acetate TLC. 

Materials Materials 

Xylanasee (Trichoderma viridé) was purchased from Fluka BioChemika (Buchs, Switzerland) 

andd chitin fragment CH4 (chitotetraose) from Seikagaku (Tokyo, Japan). Stock solutions 

weree prepared in water and stored at -20°C. Purified NodSm-IV (C16:2, Ac, S) factor from 

SinorhizobiumSinorhizobium meliloti was a gift from Dr. J. Goedhart (University of Amsterdam, 

Amsterdam,, The Netherlands). Reagents for lipid extraction were from Merck (Darmstadt, 

Germany). . 
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Summary Summary 
RhizobiumRhizobium bacteria are able to invade the roots of legume plants and trigger the formation of 

aa new organ, the root nodule. In these nodules the bacteria are hosted and a proper 

environmentt is provided for the bacteria to fix atmospheric nitrogen into ammonium 

compounds,, making the plant independent of nitrogen in the soil. The interaction starts with 

signall  exchange followed by attachment of the bacteria to the plant root hairs. The root hairs 

deformm and the bacteria penetrate the plant via an infection thread that grows into the cortex. 

Simultaneously,, cortical cells are mitotically activated to form the nodule. At least two steps 

off  signal exchange between bacterium and legume plant are involved in this interaction. 

Flavonoidss are secreted by the plant, which induce the transcription of bacterial nodulation 

genes.. The proteins encoded by these genes are involved in the synthesis and secretion of 

nodulationn (Nod) factors. These lipo-chitooligosaccharides are essential for initiating early 

plantt responses leading to nodule formation. The host-specific aspect of the Rhizobium-

legumee interaction is very pronounced. The structure of the Nod factor is a major determinant 

off  host specificity. 

Plantss have mechanisms to perceive external signals such as cold and the presence of 

pathogens,, and to transduce them into intracellular physiological responses. This chain of 

reactionss is generally referred to as 'signal transduction'. Chapter 1 of this thesis gives an 

overvieww of the signalling responses that are triggered in legumes by purified Nod factor or 

RhizobiumRhizobium bacteria. From recent studies we know that calcium, G-proteins, and certain 

phospholipidss can play an important role in the signal transduction. 

Thiss thesis describes the effect of Nod factor on phospholipid signalling in legumes. 

Ann important phospholipid is phosphatidic acid (PA) that can be synthesized via two 

signallingg routes, i.e. via the phospholipase C (PLC) and the phospholipase D (PLD) 

pathway.. Chapter 2 describes the accumulation of PA in Vicia sativa (vetch) roots after Nod 

factorr treatment. Both PLC and PLD were found to be responsible for the accumulation. 

Usingg specific inhibitors of PLC and PLD, it is demonstrated that their PA formation is 

importantt for root hair deformation. In Chapter 3 the role of PA in Nod factor signalling is 

furtherr explored. Nod factor-induced ENOD12 expression is also blocked by PLC and PLD 

inhibitorss and when PA is exogenously added, ENOD12 expression is induced. Exogenously 

addedd lyso-PA, a PA molecule with only one fatty acid, activated root hair deformation and is 

shownn to be converted back into PA in V. sativa seedlings. 

Suspension-culturedd cells are often used to study phospholipid signalling. An 

advantagee of using cell suspensions is that each cell is in direct contact with the growth 

medium.. This promotes synchronous perception of the Nod factor, making it possible to 

visualisee rapid changes in phospholipid turnover. In Chapter 4, a Medicago sativa (alfalfa) 

celll  suspension was used to investigate how a legume can discriminate between Rhizobium 

bacteriaa and pathogens. Perception of elicitors derived from the cell surface of pathogenic 

microorganismss initiate defence responses. Both Nod factor and elicitors trigger PA 
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formationn in alfalfa, however, via different routes. Both compounds activate the PLC 

pathway,, but only Nod factor stimulates PLD. 
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RhizobiumRhizobium bacteriën kunnen in een symbiose met vlinderbloemige planten stikstof uit de 

luchtt binden, zodat deze stikstof beschikbaar komt voor de groei en de ontwikkeling van de 

plant.. In de wortels van vlinderbloemige planten induceren Rhizobium bacteriën de vorming 

vann een nieuw orgaan, de wortelknol, waar de juiste omstandigheden zijn gecreëerd voor de 

bacteriee om vrije stikstof om te zetten in ammonia. Een symbiose tussen Rhizobium en een 

vlinderbloemigee is het gevolg van een interactie die begint met een wederzijdse herkenning, 

waarnaa de bacteriën aan de wortelharen van de plant hechten. De wortelharen krullen 

(deformeren)) vervolgens zodanig dat de bacteriën worden ingesloten en via een infectiedraad 

naarr de cortex van de wortel worden geleid. Tegelijkertijd worden cellen in de cortex 

aangezett tot het vormen van de wortelknol. Deze interactie begint met het uitwisselen van 

signaalmoleculen.. Door de plant worden fiavonoïden uitgescheiden die de transcriptie van de 

bacteriëlee nodulatie genen induceren. De eiwitten die door deze genen worden gecodeerd zijn 

betrokkenn bij de synthese van nodulatie (Nod) factoren, die worden uitgescheiden door de 

RhizobiumRhizobium bacteriën. Deze moleculen zijn essentieel voor het induceren van de eerste stappen 

vann de symbiose. Niet iedere Rhizobium bacterie is in staat een symbiose aan te gaan met 

elkee vlinderbloemige plant. Er bestaat een strikte gastheerspecificiteit, die mede wordt 

bepaaldd door de structuur van de Nod factor. 

Plantenn hebben mechanismen die externe signalen zoals hitte of de aanwezigheid van 

eenn pathogeen, opvangen en omzetten in interne fysiologische responsen. Dit proces wordt 

signaall  transductie genoemd. In Hoofdstuk 1 van dit proefschrift wordt een algemeen 

overzichtt gegeven van de verschillende signaal transductie processen die optreden in 

vlinderbloemigee planten wanneer er Nod factoren of Rhizobium bacteriën aanwezig zijn. 

Hierinn spelen onder andere calcium, G-eiwitten en fosfolipiden een belangrijke rol. 

Inn de volgende hoofdstukken worden de effecten van Nod factoren op de fosfolipide 

signaleringg in vlinderbloemige planten beschreven. Een hoofdrol hierin is weggelegd voor 

fosfatidylzuurr (PA), dat kan worden gevormd wanneer fosfolipase C (PLC) of fosfolipase D 

(PLD)) wordt geactiveerd. In Hoofdstuk 2 wordt beschreven dat PA accumuleert in de wortels 

vann Vicia sativa (wikke), wanneer zaailingen worden behandeld met Nod factor. Verder 

wordtt aangetoond dat zowel PLC als PLD betrokken zijn bij de PA vorming en met behulp 

vann remmers wordt bewezen dat de vorming uit beide routes noodzakelijk is voor het 

optredenn van wortelhaar deformatie. In Hoofdstuk 3 wordt de rol van PA in Nod factor 

signaleringg verder onderzocht. Naast wortelhaar deformatie wordt ook de door Nod factor 

geïnduceerdee expressie van het gen ENOD12 geblokkeerd door PLC en PLD remmers. 

Bovendienn kan PA, dat aan het groeimedium van de wikke zaailingen wordt toegevoegd, de 

werkingg van Nod factor nabootsen aangezien deze behandeling ENOD12 expressie induceert. 

Alss lyso-PA, een PA molecuul met slechts een vetzuur, wordt toegevoegd aan het medium 

wordtt wortelhaar deformatie geactiveerd. Lyso-PA wordt door de wortel opgenomen en 

vervolgenss gemetaboliseerd tot PA. 
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Celsuspensiess van planten worden vaak gebruikt om fosfolipide signalering te 

bestuderen.. Het grote voordeel ten opzichte van een hele plant is, dat alle cellen direct in 

contactt staan met het groeimedium en daardoor allemaal op hetzelfde moment kunnen 

reageren.. In Hoofdstuk 4 is gebruik gemaakt van een Medicago sativa (luzerne) celsuspensie 

omm te bestuderen of vlinderbloemigen onderscheid maken tussen pathogenen en symbiotische 

bacteriënn door middel van fosfolipide signalering. Pathogenen produceren elicitoren, die door 

dee plant worden herkend zodat het afweersysteem wordt geactiveerd. Zowel een elicitor als 

Nodd factor stimuleren PA vorming in luzerne, maar er zijn wel verschillen in de oorsprong 

vann de PA. Nod factor en elicitoren activeren beide de PLC route, maar Nod factor activeert 

daarnaastt ook de PLD route. 
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Dankwoord Dankwoord 
Mij nn voorgangers hebben wetenschap beoefenen al vergeleken met (top-)sport en musiceren 

inn een orkest. Hoewel in deze vergelijkingen wel een kern van waarheid zit, zie ik mijn oio-

tijdd toch meer als aangenaam tijdverdrijf. Vijfjaar lang de dingen doen die je leuk vindt en je 

krijgtt nog betaald ook! Ik kijk dan ook met veel plezier terug op mijn promotietijd. Er zijn 

veell  mensen die hebben bijgedragen aan deze leuke en leerzame periode en ik wil iedereen 

bedankenn voor de prettige werksfeer, goede borrels, BBQ's en uitstapjes. BEDANKT: 

Bastiaan,, Kai, Chris, Julian, Rafa, Rob, Gert-Jan, Michel, Ap, Hans H., Hilda, Eddy, Wies, 

Piett van E., Jet, Corrien, Gertien, Sylvia, Piet de G., Els, Frans, Stephan, Kappie, Annemiek, 

Jack,, Hans de N., ex-Wageninger en moleculair cytoloog Joop (he's so sweet) en alle fyto's, 

maarr in het bijzonder Hedwich (muziek schept een band) en Sandra (MPMI was veel leuker 

mett jou!). Een aantal mensen verdient echter extra aandacht, omdat zij mij op een speciale 

manierr hebben geholpen met het proefschrift. 

Teun,, ik ga de geschiedenis in als jouw eerste echte promovendus. Je bent een fantastische 

co-promotor:: altijd kritisch op het geleverde werk, maar nooit negatief. Jouw enthousiasme 

enn fanatisme zijn onuitputtelijk (en niet alleen op wetenschappelijk gebied). Je weet je 

enthousiasmee ook nog eens goed over te brengen op anderen, zodat een oio met in haar ogen 

slechtee resultaten toch weer vol goede moed je kamer verlaat. Ik heb veel van je geleerd, 

maarr ik ga lekker toch trouwen (kom je ook?). 

Herman,, op wetenschappelijk gebied werd ji j echt belangrijk toen er een proefschrift moest 

komen.. Op muzikaal gebied hebben we elkaar gelukkig eerder ontmoet. Virginaal-hobo is de 

idealee combinatie, dus hopelijk treffen we elkaar nog eens op een muziekavond. 

Alan,, ji j was in het begin zeer aanwezig, maar later ben je meer op de achtergrond terecht 

gekomenn toen Teun de touwtjes in handen kreeg. Bedankt voor je begeleiding en je kritische 

blikk op alle door mij geproduceerde teksten (een manuscript is pas goed als ji j er naar hebt 

gekeken!). . 

Lievee Steef, als er één iemand is waar ik heel veel waardering voor heb dan ben ji j het wel. 

Ondankss dat het je lichamelijk lang niet altijd mee zit, ben ji j altijd vol overgave bezig met 

wetenschap.. Jammer dat we onze experimenten met betrekking tot de vetzuursamenstelling 

vann PA in Vicia niet hebben kunnen afmaken. Het was op zijn minst een Science-verhaal 

geworden,, toch? Ik hoop datje spoedig weer achter je GC te vinden bent, want daar hoor je 

thuis.. Ik ben blij en vereerd dat ji j mijn paranimf wilt zijn. 

Inn 1998 startte ik in een kleine groep met alleen maar mannen, maar gelukkig kwamen er 

spoedigg 2 dames bij. Chica Ana, lekker dingetje, you showed me that science is fun. Many 

thankss for all the lessons in molecular biology and for all the good times in- and outside the 

lab.. I really enjoyed our stay, together with Christa, in Italy (I'll never walk again in the 

mountains!).. Christa, ik zeg altijd met een geintje dat je mijn grote wetenschappelijke 

voorbeeldd bent, maar dat is ook zo. Super intelligent, handig met de pipet en nog sociaal ook. 

Houdd al deze eigenschappen vast, ook als je moeder bent geworden. 
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Harold,, Bas en John, mannen van het eerste uur! Door julli e voelde ik mij meteen thuis bij 

plantenfysiologie.. Enorm bedankt voor de aangename samenwerking en hopelijk kom ik 

julli ee nog eens tegen (Bas, kom je gourmetten?). Van de nieuwe lichting mannen verdient 

Wessell  een speciaal woord. Wessel, erg fijn dat je altijd bereid was allerlei blonde vragen 

overr computers te beantwoorden en dat je altijd en overal een helpende hand toesteekt. Ik 

duimm voor je datje de Veni krijgt, de groep mag blij zijn met jou als post-doc. Joachim, ook 

ji jj  bedankt voor de prettige samenwerking. Zonder jou geen zaad en geen Nod factor! 

Bovendienn heb ik jouw en Dorus' enthousiasme voor mijn onderzoek als zeer prettig ervaren. 

Kitty ,, alweer vertrekt er een kuikentje onder moeders vleugels vandaan. Waarschijnlijk ben 

ikk een van de laatsten, zeker nu je opgeslokt bent door het grote SILS. Bedankt voor alle 

gezelligheid,, serieuze en minder serieuze gesprekken en je droppot. Het was fijn dat je deur 

altijdd open stond en nog steeds staat. 

Ikk heb op de valreep 1 student mogen begeleiden en gelukkig was het een hele goede. 

Nathalie,, ik heb veel van jou geleerd en ji j hopelijk ook van mij. Jouw inzet en betrokkenheid 

vondd ik fantastisch. Dat onze samenwerking vruchtbaar was, mag wel blijken uit ons Plant 

Physiologyy artikel. Veel succes met je eigen carrière (als analist, aio?!?!). 

Hett leven buiten het lab is minstens zo belangrijk als het leven in het lab. Muziek maken en 

onderzoekerr zijn houden elkaar perfect in evenwicht. Gaan de experimenten niet zoals je wilt, 

dann kun je je lekker afreageren en je gedachten op iets anders zetten tijdens een orkest-

repetitie.. Omgekeerd gaat het verhaal echter ook op. Chagrijnige dirigenten en valse noten 

doenn je onmiddellijk verlangen naar je labtafel met wortelharen. Leden (en dirigenten...) van 

hett WBE, de Waterlandse Harmonie en de Tram-harmonie, bedankt voor alle valse (en 

mooie)) noten. André, bedankt voor jouw luisterend oor over infecties in celsuspensies en niet 

krullendee wortelharen tijdens autoritten naar Soesterberg of Vlijmen. Tanja en Petra, ik ben 

blijj  dat ik deel uit maak van het bestuur van het WBE. Het kost veel tijd, maar met julli e is 

hett altijd aangenaam. Ik ga toch naar Bielefeld, hoewel julli e beiden mij ervan hebben 

proberenn te overtuigen dat niet te doen. Gelukkig repeteert het WBE op zondag en kan je ook 

mailenn vanuit Duitsland. 

Papaa en mama, zonder julli e geen proefschrift. Bedankt dat julli e mij aangemoedigd hebben 

omm te gaan studeren en dit ook mogelijk hebben gemaakt. Met je vader als paranimf naast je, 

kann er niets meer mis gaan. 

Lievee Edwin, ji j bent ongetwijfeld het beste wat mij is overkomen tijdens mijn oio-tijd. We 

hebbenn op een paar vierkante meter samen een proefschrift geschreven. Als een relatie dat 

kann doorstaan, dan zit het volgens mij wel goed! Mop, bedankt voor alles. 
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